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　本論文は、ダイヤモンド構造上の四極子秩序に関する理論な解析をまとめ
たものである。本研究の主要な結果は、反強四極子秩序下で電気磁気効果が
生じ、その異方性によって秩序変数が同定できることを示したことである。　　　　　　　　　　　 
　近年、d、f電子系で観測される多極子秩序が関心を集めている。電子の原
子軌道がもつ縮退は結晶場によって解かれるが、立方晶系など対称性の高い
結晶では縮退が残り、多極子モーメントが活性化する。dまたはf電子を奇数
個もつ系では、クラマースの定理から必ず磁気双極子モーメントを持つが、
偶数個の電子をもつ系では磁気双極子モーメントを持たず、高次のモーメン
トのみが活性化する場合がある。実際に、f2電子配置のPr3+イオンを含む立方
晶系のいくつかの化合物では、電気四極子(O20、O22)及び磁気八極子(Txyz)の
モーメントをもつΓ3二重項が結晶場基底状態となる[1]。その例であるカゴ状
物質PrT2X20 (T = Ti, Ir, V, X = Zn, Al等)は、Prイオンがダイヤモンド構造を形成
する立方晶系であり、四極子秩序と思われる相転移や超伝導転移、四極子近
藤効果など興味深い現象が観測されている[1-2]。PrV2Al20、PrIr2Zn20などでは
四極子秩序が反強的であることがわかっているが、その詳細な秩序変数は解
明されておらず、重要な課題の一つである。 
　本研究では、PrT2X20系での反強四極子秩序が空間反転対称性を破ることに
注目し、その秩序変数が電気磁気効果の異方性により同定されることを示し
た。一般に、空間反転対称性を持たない金属では、電場に対して磁化が応答
する場合がある。これは、電場により生じる電流は磁化と同じく時間反転に
対して奇で、電流と磁化が結合できるためである。電流と磁化は空間反転に
対する偶奇性が異なるため、系が空間反転対称性を持つ場合には磁化は生じ
ない。また、電流と磁化は鏡映操作に対する変換性も異なることから、磁化
の応答の異方性は鏡映対称性の有無を反映する[3-4]。これを踏まえ、本研究
では秩序変数と可能な応答を整理し、四極子秩序を考慮したΓ8強束縛模型を
用いて誘起磁化を計算し、秩序変数が同定可能であることを示した。図1に電
流の方向に生じる磁化の方向依存性を示す。電流方向がx = y面内であるとき
には、秩序変数がO22の場合にのみ磁化が生じる。これは、反強O22の秩序は
[110]の鏡映対称性を破り、O20の秩序は破らないことを反映している。この異
方性から、電流誘起磁化の測定により、反強四極子秩序の秩序変数を同定す
ることができる。これが本研究の第一の、そして主要な結果である。 
　第二に、四極子近藤格子モデルを平均場近似を用いて解析し、秩序変数の
相図を得た。図2に化学ポテンシャルμと混成の強さJに対する秩序変数の相図
を示す。ハーフフィリングに近い場合に強O20秩序が、それ以外の場合に反強
O22秩序が得られた。反強O22秩序は主要な反強O22モーメントに加え、小さな
強O20モーメントを伴い[5]、この場合にΓ点付近にワイル点が生じることを示
した(図3)。フェルミ面上にワイル点がある場合には磁化の応答が大きくなり
る。また、系がワイル半金属に近い場合には、電流jと生じる軌道磁化Mの比
M/jが非常に大きくなる。図4にμ  ~ 1.04でワイル半金属になるパラメータでの
Mx/jxを示す。古典電磁気学との類推からM/jは単位胞あたりのソレノイドの巻
数に対応付けられ[6]、図4のピークでは単位胞のx方向あたり約2回の巻数を
もつ。
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図1.反強四極子秩序下で電流方向に生
じる磁化の方向依存性。
図3. 反強O22と小さな強O20モーメント
が秩序している場合のΓ点付近の分
散。
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図4. ワイル半金属(µ~1.04)に近い場
合のx方向の軌道磁化Mxと電流jxの
比。格子定数aを単位としている。
図2 .四極子近藤格子模型の平均場近似
によるμ-J相図。伝導電子の最近接ホッ
ピングの大きさを単位としている。
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ୈ 1ষ
ݚڀഎܠ
ຊষͰ͸ຊݚڀͷഎܠʹ͍ͭͯड़΂Δɻ1.1 અͰଟۃࢠடংʹ͍ͭͯͷɺ1.2 અͰۙ౻
֨ࢠ໛ܕͷɺ1.3અͰిؾ࣓ؾޮՌͷ֓ཁΛɺ1.4અͰݚڀͷ໨తɺ1.5અͰ͸ຊ࿦จͷߏ
੒ʹ͍ͭͯड़΂Δɻ
1.1 ଟۃࢠடং
1.1.1 ଟۃࢠࣗ༝౓
ຊ߲Ͱ͸ɺݪࢠͷجఈঢ়ଶͱ݁থ৔ޮՌʹ͍ͭͯ֓؍͠ɺ௿ԹͰଟۃࢠࣗ༝౓͕ॏཁʹ
ͳΔ͜ͱΛΈΔ [1]ɻ
ݽཱͨ͠ݪࢠͷిࢠͷঢ়ଶ͸ɺݪࢠͷٿରশੑͷͨΊʹॖୀΛ࣋ͭɻيಓ֯ӡಈྔ lͷ
ঢ়ଶ͸ɺεϐϯيಓ૬ޓ࡞༻Λແࢹ͢Δͱɺεϐϯࣗ༝౓ΛؚΊͯ 2(2l + 1)ॏʹॖୀ͢
Δɻ݁থதͰ͸ɺपғͷΠΦϯ͔Βͷి৔ͷͨΊʹɺରশੑ͕௿Լ͠ɺيಓʹؔ͢Δॖୀ
͸ղ͚Δɻ͜ͷͨΊɺे෼௿ԹͰ͸ɺεϐϯͷࣗ༝౓ͷΈ͕ॏཁͱͳΔ৔߹͕ଟ͍ɻҰ
ํɺཱํথͷΑ͏ʹରশੑ͕ߴ͍෺࣭ܥͰ͸يಓॖୀ͕࢒Δɻf ిࢠܥͰ͸ɺεϐϯيಓ
૬ޓ࡞༻͕େ͖͘ɺݪࢠيಓͰͷঢ়ଶ͸εϐϯࣗ༝౓ͱيಓࣗ༝౓͕݁߹ͨ͠શ֯ӡಈ
ྔ J ͕ྑ͍ྔࢠ਺ͱͳΔɻJ ଟॏ߲ͷ௿ΤωϧΪʔ෦෼Λهड़͢Δํ๏ͱͯ͠ɺిࢠؒ
ͷ૬ޓ࡞༻͕େ͖͍৔߹ʹ༗ޮͳ LS݁߹ඳ૾ͱεϐϯيಓ૬ޓ࡞༻͕େ͖͍৔߹ʹ༗ޮ
ͳ j-j݁߹ඳ૾͕͋ΔɻLS݁߹ඳ૾Ͱ͸ɺ࠷ॳʹిࢠؒͷΫʔϩϯ૬ޓ࡞༻ʹΑΔΤωϧ
ΪʔΛ࠷খԽ͠ɺ࣍ʹεϐϯيಓ૬ޓ࡞༻ͷΤωϧΪʔ࠷খԽ͢Δɻجఈঢ়ଶ͸ɺϑϯτ
ଇʹै͍ɺ(1) શεϐϯΛ࠷େԽ͢Δɺ(2) (1)ͷ৚݅ԼͰશ֯ӡಈྔΛ࠷େԽ͢Δɺ(3)
εϐϯيಓ૬ޓ࡞༻Λ࠷େԽ͢Δɺͱ͍͏खॱͰٻ·Δɻεϐϯيಓ૬ޓ࡞༻͕શيಓ֯
4
ӡಈྔ Lɺશεϐϯ S Λ༻͍ͯ λL · S ͱද͞ΕΔͱ͖ɺిࢠ਺ n͕ n < 2l + 1ͷͱ͖
λ > 0ͱͳΓɺJ = |L − S|͕ɺn > 2l + 1ͷ৔߹ʹ͸ λ < 0ͱͳΓɺJ = L + S ͕ج
ఈଟॏ߲ͱͳΔɻj-j݁߹Ͱ͸εϐϯيಓ૬ޓ࡞༻͕େ͖͍ͨΊɺ1ిࢠঢ়ଶͱͯ͠ (Ұମ
ͷ)શ֯ӡಈྔͷݻ༗ঢ়ଶΛͱΓɺl− 1/2͕௿ΤωϧΪʔͱͳΔɻ͜ͷ 1ిࢠঢ়ଶΛɺΤ
ωϧΪʔͷখ͍͞ॱʹͭΊΔͱɺn < 2l + 1ͷͱ͖͸ j = l − 1/2ɺn > 2l + 1ͷͱ͖͸
j = l + 1/2ͷࣗ༝౓͕࢒Δɻر౔ྨͰ͸ LSඳ૾ͷํ͕ྑ͍৔߹͕ଟ͘ɺΞΫνϊΠυ
ܥͰ͸ͲͪΒ͕Α͍͔Ұ֓ʹ͸ݴ͑ͳ͍ɻہࡏੑ͕େ͖͍ܥͰ͸ LS݁߹͕ɺวྺੑ͕େ
͖͍ܥͰ͸ j-j݁߹͕༗ޮͱͳΔɻҎԼͰ͸ɺLSඳ૾ͷ Jଟॏ߲ʹج͍ͮͯٞ࿦͢Δɻ
ݽཱͨ͠ݪࢠͰ͸ɺJ ͷҟํੑ͸ͳ͘ɺJ2 ͷݻ༗஋ J(J + 1)Λ࣋ͭ 2J(J + 1)ݸͷ
ঢ়ଶ͕ॖୀ͢ΔɻJ ଟॏ߲ͷجఈঢ়ଶͱҟͳΔ J Λ΋ͭྭىঢ়ଶͷΤωϧΪʔ͸ 103 K
ͷΦʔμʔͰɺࣨԹҎԼͷ෺ੑʹ͸ J ଟॏ߲جఈঢ়ଶͷΈΛߟ͑Ε͹Α͍ɻJ ଟॏ߲ج
ఈঢ়ଶ͸ɺ݁থ৔ʹΑͬͯ͞Βʹ 102 KͷΦʔμʔͰ෼྾͢Δɻ͜ͷͱ͖ɺجఈঢ়ଶ͸ε
ϐϯʹىҼ࣓ͨ͠ؾ૒ۃࢠͰͳ͘ɺيಓʹىҼͨ͠ిؾ࢛ۃࢠͷϞʔϝϯτ͕׆ੑԽ͢Δ
৔߹͕͋Δɻfిࢠ਺͕ح਺ݸͷ৔߹ʹ͸ J ͸൒੔਺Ͱ͋Γɺ࣌ؒ൓సରশੑʹΑΔΫϥ
Ϛʔε 2ॏॖୀ͕࢒Δ͕ɺۮ਺ݸͷ৔߹ʹ J ͸੔਺ͱͳΓɺඇΫϥϚʔε 2ॏ߲͕جఈ
ঢ়ଶͱͳΔ͜ͱ͕ՄೳͰ͋Δɻྫ͑͹ɺPrΠΦϯ (4f2)ΛؚΉཱํথͷ෺࣭Ͱ͸ɺΓ3 ඇ
ΫϥϚʔε 2ॏ߲͕جఈঢ়ଶͱͳΓɺ࢛ۃࢠϞʔϝϯτ͕׆ੑԽ͢Δɻf ిࢠͷہࡏϞʔ
ϝϯτ͸఻ಋిࢠΛհͯ͠૬ޓ࡞༻͢Δͱߟ͑ΒΕɺ௿ԹͰ࢛ۃࢠடং΍௒఻ಋసҠ͕؍
ଌ͞Ε͍ͯΔɻ[2–4] ҎԼɺPrԽ߹෺ͷ෺ੑʹ͍ͭͯ֓؍͢Δɻ
1.1.2 PrԽ߹෺
ຊ߲Ͱ͸ Γ3 ඇΫϥϚʔε 2ॏ߲͕݁থ৔جఈঢ়ଶͱͳΔ PrܥԽ߹෺ʹ͍ͭͯ֓؍͢
ΔɻPr3+ ΠΦϯͷిࢠ഑ஔ͸ f2 Ͱ͋Γɺϑϯτଇͱεϐϯيಓ૬ޓ࡞༻ʹΑͬͯશ֯ӡ
ಈྔ J = 4͕ݪࢠيಓͷجఈঢ়ଶͱͳΔ (ਤ 1.1)ɻཱํରশͳ݁থ৔ʹΑͬͯ J = 4ͷ 9
ঢ়ଶ͸ Γ1 ୯ॏ߲ɺΓ3 ೋॏ߲ɺΓ4 ࡾॏ߲ɺΓ5 ࡾॏ߲ʹ෼͔ΕΔɻPrPb3, PrT2X20(T =
Ti,V, X = Zn,Al౳)ͳͲͷ෺࣭Ͱ͸ Γ3 ೋॏ߲͕݁থ৔جఈঢ়ଶͱͳΔɻΓ3 ೋॏ߲͸ɺ
ిؾ࢛ۃࢠϞʔϝϯτɺ࣓ؾീۃࢠϞʔϝϯτΛ΋ͪɺ࣓ؾ૒ۃࢠϞʔϝϯτΛ࣋ͨͳ
͍ɻͦͷͨΊɺ௿ԹͰ͸ɺ૒ۃࢠΑΓ΋ߴ࣍ͷϞʔϝϯτʹΑΔடং͕͓͜ΔՄೳੑ͕͋
Δɻ࣮ࡍʹɺ௿ԹͰ͸ిؾ࢛ۃࢠடং΍௒఻ಋసҠ͕֬ೝ͞Ε͓ͯΓ [2–5]ɺ࢛ۃࢠۙ౻
ޮՌͱ߹Θͤͯɺ੝Μʹݚڀ͞Ε͍ͯΔ [4, 6, 7]ɻຊݚڀͰ͸࢛ۃࢠடংʹ஫໨͢ΔɻҎ
ԼͰ͸ɺ࢛ۃࢠடং͕֬ೝ͞Ε͍ͯΔయܕతͳ PrԽ߹෺Ͱ͋Δ PrPb3 ͱຊݚڀͰର৅ͱ
͢Δ PrT2X20 ܥͷ෺࣭ʹ͍ͭͯઆ໌͢Δɻຊ߲ͷ಺༰͸ओʹจݙ [4]ʹΑΔɻ
5
J=4 
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結晶場
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Γ5
L = 5 S = 1
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3
120
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ਤ 1.1: f2 ిࢠ഑ஔͷݽཱݪࢠͰͷجఈ
ঢ়ଶٴͼཱํରশͳ݁থ৔ʹΑΔ෼྾ɻ
ਤ 1.2: Pr 1-2-20 ܥ෺࣭ͷߏ଄ɻ(a) ͸
ཱํথͷ୯Ґ๔ɺ(b)͸ PrݪࢠΛғΉΧ
ΰͷߏ଄ɺ(c) ͸ X ݪࢠΛғΉΧΰͷߏ
଄ɻ[4]ΑΓసࡌɻ
ɾPrPb3
PrPb3 ͸యܕతͳ (4f)2 ഑ஔͷཱํথܥͰ͋Γɺجఈঢ়ଶ͸ Γ3 ೋॏ߲ͰɺTQ = 0.4 K
Ͱ൓ڧ࢛ۃࢠடংͱߟ͑ΒΕΔೋ࣍૬సҠ͕؍ଌ͞Ε͍ͯΔɻ1974೥ʹൺ೤ଌఆʹΑͬ
ͯ 0.4Kʹೋ࣍૬సҠ͕ଘࡏ͢Δ͜ͱ͕ใࠂ͞Ε [8]ɺͦͷޙసҠ఺Ҏ্Ͱ Γ3 ରশੑΛ࣋
ͭ஄ੑఆ਺ϞʔυͷιϑτԽ͕؍ଌ͞ΕΔ͜ͱ͔Βɺ͜ͷ૬సҠ͸࢛ۃࢠடংʹΑΔ΋ͷ
Ͱ͋Δͱߟ͑ΒΕΔΑ͏ʹͳͬͨ [9, 10]ɻసҠʹ൐͏֨ࢠ࿪Έ͕ඇৗʹখ͍͜͞ͱ͔Βட
ং͸൓ڧతͰ͋Δͱߟ͑ΒΕΔɻடংม਺͸ O20 Ͱடং͸֨ࢠඇ੔߹Ͱ͋Δ͜ͱ͕ɺத
ੑࢠࢄཚ͔ΒΘ͔͍ͬͯΔ [5]ɻ൓ڧ࢛ۃࢠ (AFQ)సҠԹ౓͸࣓৔ͱͱ΋ʹ্ঢ͠ɺ͜Ε
͸ଟ͘ͷ AFQ ෺࣭ͰݟΒΕΔಛ௃Ͱ͋Δ [11, 12]ɻPr ͷ La ʹΑΔஔ׵ Pr1−xLaxPb3
͸࢛ۃࢠసҠΛ཈੍͠ɺx = 0.03Ͱ࢛ۃࢠసҠ͕ফ͑Δ [13]ɻx > 0.95ͷرബۃݶͰ͸
ඇϑΣϧϛӷମతৼΔ෣͍͕ݟΒΕɺ࢛ۃࢠۙ౻ޮՌͷදΕͰ͋Δͱߟ͑ΒΕΔ [14]ɻ
ɾPr 1-2-20
PrT2X20(T = Ti,V, X = Zn,Al౳)͸ɺ࢛ۃࢠடং΍௒఻ಋ͕֬ೝ͞Ε͍ͯΔ PrԽ
߹෺Ͱ͋ΓɺPr-1-2-20ܥͱݺ͹ΕΔ [4]ɻ֤ PrΠΦϯ͸ 16ݸͷ XΠΦϯ͔ΒͳΔ͔͝
ʹғ·Ε͓ͯΓɺPrΠΦϯ͸μΠϠϞϯυߏ଄ΛͱΔ (ਤ 1.2)ɻPrαΠτͰͷہॴ఺܈
ରশੑ͸ Td Ͱ͋Δɻओͳ෺࣭ͷ݁থ৔ঢ়ଶΛਤ 1.3ʹࣔ͢ [4]ɻ݁থ৔جఈঢ়ଶ͸ Γ3 ೋ
ॏ߲Ͱ͋ΓɺୈҰྭىঢ়ଶͰ͋Δ Γ4 ·ͨ͸ Γ5 ࡾॏ߲ͱ͸ 30 K ఔ౓ΤωϧΪʔ͕ࠩ͋
Δɻ࢛ۃࢠடংɺ௒఻ಋͷయܕతͳసҠԹ౓͸ 1 Kఔ౓Ͱ͋ΓɺΓ3 ࣗ༝౓͕ॏཁͳد༩
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ਤ 1.3: PrT2X20 ॾ෺࣭ͷ݁থ৔४Ґɻ
جఈ͸ Γ3ɺୈҰྭىঢ়ଶ͸ࡾॏ߲Ͱ͋
Δɻ[4]ΑΓసࡌɻ
ਤ 1.4: ݁থ৔४Ґͷجఈঢ়ଶͱୈҰྭى
ঢ়ଶͱͷΤωϧΪʔࠩʹର͢Δ࢛ۃࢠస
ҠԹ౓ TQɺ௒఻ಋసҠԹ౓ Tcɻ[4]ΑΓ
సࡌɻ
Λ͍ͯ͠Δͱߟ͑ΒΕΔɻਤ 1.4 ʹ͸݁থ৔جఈঢ়ଶͱୈҰྭىঢ়ଶͷΤωϧΪʔࠩ ∆
ͱʹ࢛ۃࢠடংɺ௒఻ಋసҠͷసҠԹ౓ͷؔ܎͕ࣔ͞Ε͍ͯΔɻڧతடং (PrTi2Al20)ɺ
൓ڧடং (ͦͷଞ)ͳͲͷҧ͍ʹ͔͔ΘΒͣɺઢܗͷؔ܎͕ݟͯऔΕΔɻ͜ͷ͜ͱ͔Βɺ͜
ΕΒͷܥʹಛ௃తͳΤωϧΪʔεέʔϧ͕ଘࡏ͢Δ͜ͱ͕ࣔࠦ͞Εɺ఻ಋిࢠͱہࡏϞʔ
ϝϯτͷࠞ੒ͷڧ͕͞ ∆ͱಉ༷ʹ PrIr2Zn20 ͔Β PrTi2Al20 ͷؒͰ૿Ճ͢Δ͜ͱ͕༧૝
͞ΕΔɻҎԼɺ͍͔ͭ͘ͷ෺ੑΛͱΓ͋͛ͯ͜ͷܥͷੑ࣭Λٞ࿦͢Δɻ
·ͣɺ݁থ৔ঢ়ଶʹ͍ͭͯड़΂Δɻਤ 1.5ʹ PrT2Zn20 ܥͰ [100]ํ޲ʹ B = 0.1 Tͷ
࣓৔ΛҹՃͯ͠ଌఆ͞Εͨଳ࣓཰ͷԹ౓ґଘੑ 1/χ(T )Λࣔ͢ [15]ɻૠೖਤʹ͸ଳ࣓཰ͷ
Թ౓ґଘࡇ χ(T )͕ࣔ͞Ε͍ͯΔɻT > 30 Kͷ޿͍ൣғͰɺΩϡϦʔϫΠεଇతৼΔ෣
͍ χ = NAµ2eﬀ/3kB(T + θp) ͕ݟΒΕΔɻ͜͜Ͱ NA ͸ΞϘΨυϩఆ਺ɺkB ͸ϘϧπϚ
ϯఆ਺Ͱ͋Δɻ͜ͷৼΔ෣͍͸ɺ݁থ৔෼྾ʹΑΔӨڹ͕͜ͷԹ౓ྖҬʹ͸දΕͳ͍ఔ౓
ͷେ͖͞Ͱ͋Δ͜ͱΛࣔࠦ͢Δɻ༗ޮ࣓ؾϞʔϝϯτ µeﬀ ∼ 3.5µB ͸ࣗ༝ Pr3+ ΠΦϯ
ͷ΋ͷ 3.58µB ͱ͍ۙ஋ΛͱΓɺৗ࣓ੑΩϡϦʔԹ౓ θp ͸ਖ਼ͷ஋ΛͱΔɻਖ਼ͷ θp͸Pr3+
ΠΦϯؒͷ૬ޓ࡞༻͕൓ڧ࣓ੑతͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ10 KҎԼͰ χ͸૿େ͠ͳ͍
Van VleckతͳৼΔ෣͍Λࣔ͠ɺ݁থ৔جఈঢ়ଶ͕ඇ࣓ੑͷ Γ3 ͋Δ͍͸ Γ1 Ͱ͋Δ͜ͱ
Λࣔ͢ɻਤ 1.6ʹ PrT2Al20 ܥͷ 4fిࢠʹΑΔൺ೤΁ͷد༩Λࣔ͢ [2]ɻθϩ࣓৔ɺ࣓৔
Լͱ΋ʹ T = 30 KͰγϣοτΩʔܕϐʔΫ͕ݟΒΕΔ͜ͱɺ஄ੑఆ਺ͷιϑτԽ [16]͕
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ਤ 1.5: PrT2Zn20(T = Ru, Rh, Ir) ͷ
ଳ࣓཰ 1/χ(T )ͷԹ౓ґଘੑɻ[15]ΑΓ
సࡌɻ
ਤ 1.6: PrTi2Al20(࢛֯)ɺPrV2Al20(ؙ)
ͷ B = 0(solid)ɺ9T(open) ʹ͓͚Δɺ
ൺ೤ͷ 4f ిࢠʹΑΔد༩ͷԹ౓ґଘ
ੑɻ[2]ΑΓసࡌɻ
ݟΒΕΔ (T = Ti)͜ͱͳͲ͔Β݁থ৔جఈঢ়ଶ͸ Γ3 Ͱ͋Δ͜ͱ͕ࣔࠦ͞Ε͍ͯΔɻ·
ͨɺޙड़͢ΔΑ͏ʹ T = Ti, Vͱ΋ʹ࢛ۃࢠடংͱߟ͑ΒΕΔ૬సҠ (TQ = 2 K (T =
Ti)ɺ0.7 K (T = V)Ͱͷൺ೤ͷϐʔΫ)͕ݟΒΕΔ͜ͱ͔Β΋ɺΓ3 ೋॏ߲͕ࢧ࣋͞ΕΔɻ
࣍ʹɺ࢛ۃࢠடংʹ͍ͭͯઆ໌͢Δɻ·ͣɺPr 1-2-20 ܥͰ࠷ॳʹ൓ڧ࢛ۃࢠடং͕
ൃݟ͞Εͨ PrIr2Zn20 ʹ͍ͭͯड़΂Δɻਤ 1.7 ʹൺ೤ٴͼ࣓ԽͷԹ౓ґଘੑΛࣔ͢ [3]ɻ
TQ = 0.11 K Ͱͷൺ೤ͷӶ͍ϐʔΫ͸ԿΒ͔ͷ૬సҠͷଘࡏΛ͍ࣔͯ͠Δɻૠೖਤʹ͸
[100]ํ޲ʹ 10 T·Ͱͷ࣓৔ΛҹՃͨ͠ͱ͖ͷ࣓ԽM(T )/B ͕ࣔ͞Ε͓ͯΓɺTQ ෇ۙ
Ͱҟৗ͕ͳ͍͜ͱ͔Βɺ૬సҠ͸ඇ࣓ੑͰ͋Δ͜ͱ͕ࣔࠦ͞ΕΔɻਤ 1.8ʹ͸࣓৔ B ͱ
Թ౓ T ͷ B − T ૬ਤ͕ࣔ͞Ε͍ͯΔ [3]ɻTQ ͷ෼྾͸ࢼྉͷ७౓ʹΑΔ΋ͷͰ͋Δͱ
ߟ͑ΒΕΔɻ࣓৔தͰ TQ ͕૿Ճ͢Δ͜ͱ͸ PrPb3 ͷ൓ڧ࢛ۃࢠடংͰ΋ݟΒΕΔɻ൓
ڧ࢛ۃࢠసҠΛࣔ͢ڧ͍ূڌ͸ɺ௒Ի೾ʹΑΔ஄ੑఆ਺ͷղੳ͔Βɺ࢛ۃࢠϞʔϝϯτ
ͷ૬ޓ࡞༻܎਺ g′Γ3 ͕ෛͷ஋ͱͳΔ͜ͱͰ͋Δ (ਤ 1.9)ɻ࣍ʹɺPrV2Al20 ͷ൓ڧ࢛ۃࢠ
டংʹ͍ͭͯड़΂Δɻਤ 1.6 ͷΑ͏ʹ TQ = 0.6 K Ͱൺ೤ͷϐʔΫ͕ݟΒΕɺߴ७౓ͷ
ࢼྉͰ͸ TQ = 0.73 KɺT ∗ = 0.61 KͰͷೋஈసҠ͕֬ೝ͞Ε͍ͯΔ [17]ɻµSR࣮ݧͰ
TQ ҎԼͰͷ࣌ؒ൓సରশੑͷഁΕΛࣔ͢໌֬ͳূڌ͕ͳ͍͜ͱ͔Βɺ͜Ε͸൓ڧ࢛ۃࢠ
டংʹΑΔ΋ͷͰ͋Δͱߟ͑ΒΕΔ [18]ɻ[100]ํ޲ʹ࣓৔ΛҹՃ͢ΔͱɺB ≤ 11 TͰ
৽͍͠૬͕දΕ [19]ɺΓ3 ಺Ͱͷடংม਺ͷೖΕସΘΓͰ͋Δͱߟ͑ΒΕΔɻಉ༷ͳடং
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ਤ 1.7: PrIr2Zn20 ͷൺ೤ͱ࣓Խ (ૠೖਤ)
ͷԹ౓ґଘੑɻ[3]ΑΓసࡌɻ
ਤ 1.8: PrIr2Zn20 ͷ B − T ૬ਤɻ
TQ, TQ1, TQ2 ͸ൺ೤ͷϐʔΫҐஔ͔Βܾ
ఆ͞Ε͍ͯΔɻ[3]ΑΓసࡌɻ
ม਺ͷೖΕସΘΓ͸ɺPrPb3 ʹ͓͍ͯɺ[110]ํ޲ͷߴ࣓৔ԼͰ؍ଌ͞Ε͍ͯΔ [20]ɻ࠷
ޙʹɺPrTi2Al20 ͷڧ࢛ۃࢠடংʹ͍ͭͯड़΂Δɻਤ 1.6ͷΑ͏ʹ TQ = 2.0 KͰӶ͍ൺ
೤ͷϐʔΫ͕ݟΒΕɺ[100]ํ޲ͷ࣓৔Λ૿Ճͤ͞ΔͱɺϐʔΫߏ଄͸ΏΔ΍͔ʹͳΔ͜
ͱ͕ࣔ͞Ε͍ͯΔɻ஄ੑఆ਺ͷԹ౓ґଘੑ [16]ɺµSR ࣮ݧͰ TQ ෇ۙʹҟৗੑ͕ͳ͍͜
ͱ [21]ɺ࣓৔༠ى࣓ؾ૒ۃࢠϞʔϝϯτ͕Ұ༷Ͱ͋Δ͜ͱ [22]͔Βɺ͜ͷ૬సҠ͸ڧ࢛ۃ
ࢠடংʹΑΔ΋ͷͰ͋Δͱߟ͑ΒΕ͍ͯΔɻݱࡏͷͱ͜Ζɺڧ࢛ۃࢠసҠ͕֬ೝ͞Ε͍ͯ
Δ෺࣭͸ PrTi2Al20 ͷΈͰ͋Δɻ
͜ͷΑ͏ʹɺೋ࣍సҠ͕࢛ۃࢠடংʹΑΔ΋ͷͰ͋Δ͜ͱɺடংม਺͕ڧత͔൓ڧ
త͔ʹ͍ͭͯ͸ཧղ͕ਐΜͰ͍ΔɻҰํͰɺடংม਺͕ Γ3 ʹଐ͢Δ࢛ۃࢠϞʔϝϯτ
(O20, O22)ͷ͏ͪͲͪΒ͔Ͱ͋Δ͔͸ɺे෼ͳཧղ͕ͳ͞Ε͍ͯͳ͍ɻຊݚڀͰ͸ɺ͜ͷ
டংม਺͕ిؾ࣓ؾޮՌͷҟํੑʹΑͬͯ۠ผ͞ΕΔ͜ͱΛࣔ͢ɻ
1.2 ۙ౻֨ࢠ໛ܕ
ຊઅͰ͸ɺݪࢠ෇ۙʹہࡏͨ͠ f ిࢠͱ఻ಋిࢠͷ૬ޓ࡞༻Λѻ͏໛ܕͱͯ͠ɺΞϯ
μʔιϯ໛ܕɺۙ౻֨ࢠ໛ܕʹ͍ͭͯઆ໌͢Δɻ·ͣہࡏϞʔϝϯτ͕ 1 ͚ͭͩଘࡏ͢
Δɺෆ७෺Ξϯμʔιϯ໛ܕɺۙ౻໛ܕʹ͍ͭͯ঺հ͠ɺۙ౻ޮՌʹ͍ͭͯઆ໌͢Δɻͦ
ͷޙʹ֨ࢠܥʹ֦ுͯ͠ɺRKKY૬ޓ࡞༻ʹ͍ͭͯઆ໌͢Δɻ࠷ޙʹଟνϟωϧʹ֦ு
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ਤ 1.9: Pr 1-2-20࢛ۃࢠடংʹؔ͢Δॾʑͷྔɻg′Γ3 ͸࢛ۃࢠϞʔϝϯτͷ૬ޓ࡞༻ͷ܎
਺Ͱ௒Ի೾࣮ݧ͔Βݟੵ΋ΒΕ͍ͯΔɻTQ ͸θϩ࣓৔ͰͷసҠԹ౓ɺBc ͸ྟք࣓৔Ͱ্
෇͖ఴࣈ͸࣓৔ͷํ޲Λද͢ɻ(∗)[100]ํ޲ͷ B = 11 TͰߴ࣓৔૬͕දΕΔɻ(∗∗)୯݁
থࢼྉͷܗʹΑΓ [111]ํ޲ͷΈͰղੳ͞Ε͍ͯΔɻ[4]ΑΓసࡌɻ
͠ɺ୯νϟωϧɺෆ७෺ܥͷͱ૬ҧʹ͍ͭͯड़΂Δɻຊઅͷ಺༰͸ओʹจݙ [23, 24] ʹ
ΑΔɻ
1.2.1 Ξϯμʔιϯ໛ܕɾۙ౻໛ܕ
ۚଐதʹ f ిࢠࣗ༝౓Λ࣋ͭݪࢠ͕ෆ७෺ͱͯ͠Ұ͚ͭͩೖ͍ͬͯΔঢ়گΛߟ͑Δɻ
͜ͷΑ͏ͳঢ়گ͸ҎԼͷΞϯμʔιϯ໛ܕͰද͞ΕΔɻ
H = Hcon +Hf +HU +HV , (1.1)
Hcon =
∑
kσ
ϵkc
†
kσckσ, (1.2)
Hf =
∑
σ
ϵfnfσ, (1.3)
HU = Unf↑nf↓, (1.4)
HV =
1√
N
∑
kσ
(Vkc
†
kσfσ + h.c.) (1.5)
͜͜Ͱɺk ͸೾਺ɺσ ͸εϐϯࣗ༝౓ɺnσ ≡ f†σfσɺckσ, fσ ͸ͦΕͧΕ఻ಋిࢠɺf ిࢠ
ͷফ໓ԋࢉࢠɺN ͸ܥͷαΠτ਺ɺµ͸ԽֶϙςϯγϟϧͰ͋Δɻ
ୈҰ߲ Hcon ͸఻ಋిࢠͷӡಈΤωϧΪʔɺୈೋ߲ Hf ͸ f ిࢠͷΤωϧΪʔɺୈࡾ߲
HU ͸ f ిࢠಉ࢜ͷΫʔϩϯΤωϧΪʔɺୈ࢛߲ HV ͸఻ಋిࢠͱ f ిࢠͷࠞ੒Λද͢ɻ
͜͜Ͱ͸ f ిࢠͷيಓࣗ༝౓Λແࢹ͍ͯ͠Δɻf ిࢠͷ४Ґ ϵf ͸ϑΣϧϛΤωϧΪʔ ϵF
ΑΓे෼Լʹ͋Γɺ͔ͭόϯυͷఈΑΓ͸ߴ͘ɺେ͖ͳΫʔϩϯੱྗͷͨΊʹ ϵf + U ͸
ϑΣϧϛ໘ΑΓ্ʹ͋Δঢ়گɺ͢ͳΘͪɺϵf < ϵF < ϵf + U Λߟ͑Δɻ·ͣɺV = 0Ͱ
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ͷجఈঢ়ଶͰͷ f ిࢠͷ઎༗਺͸ 1Ͱ͋Δɻ͕ͨͬͯ͠ɺہࡏϞʔϝϯτͷجఈঢ়ଶ͸
f†↑ |0⟩ , f†↓ |0⟩ (1.6)
ͷ 2ͭͷࣗ༝౓͕͋Δɻ|0⟩͸ϑΣϧϛΤωϧΪʔ·Ͱ఻ಋిࢠ͕٧·͓ͬͯΓɺہࡏి
ࢠ͸ଘࡏ͠ͳ͍ঢ়ଶΛද͢ɻV Λઁಈͱͯ͠ߟ͑Δɻ1࣍ͷઁಈ͸ऴঢ়ଶ͕ߴΤωϧΪʔ
ঢ়ଶʹભҠ͢ΔͨΊɺ2࣍ͷઁಈ
H(2) = PHV
1
ϵg −H0QHV P (1.7)
͕ॏཁͱͳΔɻ͜͜Ͱɺϵg ͸ H0 = Hcon +Hf +HU ͷجఈঢ়ଶͷΤωϧΪʔɺP ͸ہ
ࡏిࢠ͕ 1ͭ͋Δঢ়ଶ΁ͷࣹӨԋࢉࢠͰ Q = 1− P ͸ہࡏిࢠ͕ۭ·ͨ͸ 2ݸ͋Δঢ়ଶ
΁ͷࣹӨԋࢉࢠͰ͋Δɻதؒঢ়ଶͱͯ͠Մೳͳঢ়ଶ͸ɺf ిࢠ͕ۭ·ͨ͸ 2ॏ઎༗ͷঢ়ଶ
Ͱ͋Δɻೋ࣍ઁಈͷաఔ͸ɺ(1)தؒঢ়ଶ͸ f ిࢠ 2ॏ઎༗Ͱ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷ
εϐϯ͕ಉ͡ɺ(2)தؒঢ়ଶ͸ f ిࢠ 2ॏ઎༗Ͱ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷεϐϯ͕ҟͳ
Δɺ(3)தؒঢ়ଶ͸ f ిࢠۭঢ়ଶͰ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷεϐϯ͕ಉ͡ɺ(4)தؒঢ়
ଶ͸ f ిࢠۭঢ়ଶͰ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷεϐϯ͕ҟͳΔɺͷ 4छྨ͋Δɻ֤ʑͷ
߲͔Βͷد༩͸
(1) : − V
∗
k Vp
ϵf + U − ϵk c
†
pσ¯ckσ¯f
†
σfσ, (1.8)
(2) : − V
∗
k Vp
ϵf + U − ϵk c
†
pσckσ¯f
†
σ¯fσ, (1.9)
(3) :
V ∗k Vp
ϵf − ϵk c
†
pσckσf
†
σfσ, (1.10)
(4) :
V ∗k Vp
ϵf − ϵk c
†
pσckσ¯f
†
σ¯fσ, (1.11)
(1.12)
ͱͳΔɻ͜͜Ͱ σ¯ = −σ Ͱ͋Δɻ͜ΕΒͷ࿨ΛͱͬͯεϐϯΛೖΕସ͑Δ΋ͷͱೖΕସ
͑ͳ͍΋ͷʹ෼͚ͯ੔ཧ͢Δͱɺ
H(2) =
1
2N
∑
kpσσ′
JkpS · (σ)σσ′c†kσcpσ′ +
1
N
∑
kpσ
Kkpc
†
kσcpσ, (1.13)
Jkp = V
∗
k Vp
[ 1
ϵp − ϵf −
1
ϵk − ϵf − U
]
(1.14)
Kkp = V
∗
k Vp
[ 1
ϵp − ϵf +
1
ϵk − ϵf − U
]
(1.15)
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ΛಘΔɻ͜͜ͰɺS,σ͸ͦΕͧΕہࡏిࢠɺ఻ಋిࢠͷεϐϯͰ͋ΔɻϑΣϧϛ໘ۙ๣ͷ
ిࢠͷΈΛߟ͑ ϵk Λແࢹ͠ɺ͞Βʹ V ͷ೾਺ґଘੑΛແࢹ͢Δͱɺ
J = V 2
[
− 1
ϵf
− 1
ϵf + U
]
(1.16)
K = V 2
[
− 1
ϵf
+
1
ϵf + U
]
(1.17)
ͱͳΔɻ͞Βʹɺಛघͳ৔߹ͱͯ͠ɺ2ϵf = U ͷ৔߹ʹ͸K = 0, J = −2V 2/ϵf Ͱɺf ి
ࢠ઎༗਺͕ 1ͱͳΔɻ͜ͷͱ͖ɺ༗ޮϋϛϧτχΞϯ͸
Heﬀ =
1
2N
∑
kpσσ′
JS · (σ)σσ′c†kσcpσ′ (1.18)
Ͱ༩͑ΒΕΔ [25]ɻ͜ΕΛۙ౻໛ܕͱݺͿɻۙ౻໛ܕͰ͸ɺf ిࢠͷՁ਺ͷΏΒ͗Λແࢹ
ͯ͠ɺہࡏεϐϯͱ఻ಋిࢠͱͷ൓ڧ࣓ੑతަ׵૬ޓ࡞༻Λѻ͍ͬͯΔɻ
ۙ౻໛ܕ͸ɺJ ͕ͲΜͳʹখͯ͘͞΋ɺ௿ԹͰ͸ઁಈ࿦͕ഁ୼͢Δ͜ͱ͕஌ΒΕ͍ͯ
Δɻۙ౻͸ઁಈͷೋ࣍·Ͱߟྀ͠ɺిؾ఍߅͕Թ౓ T ʹରͯ͠ − lnT ʹൺྫ͢Δ͜ͱΛ
ࣔͨ͠ [26](ۙ౻ޮՌ)ɻઈରྵ౓Ͱ͸ෆ७෺ͷ࣓ؾϞʔϝϯτͱ఻ಋిࢠͷ࣓ؾϞʔϝϯ
τ͕൓ڧ࣓ੑతʹ݁߹ͨ͠Ұॏ߲جఈঢ়ଶͱͳΓɺෆ७෺ͷ࣓ؾϞʔϝϯτ͕ݟ্͔͚ফ
ࣦ͢Δ [27]ɻ
1.2.2 ۙ౻֨ࢠ໛ܕͱ RKKY૬ޓ࡞༻
࣍ʹ f ిࢠΛ֤αΠτʹ഑ஔͨ͠पظΞϯμʔιϯ໛ܕΛಋೖ͢Δɻ
H =
∑
kσ
ϵkc
†
kσckσ +
∑
σ
ϵfnf,iσ + Unf,i↑nf,i↓ +
1√
N
∑
kσ
(Vkc
†
kσfiσ + h.c.) (1.19)
͜͜Ͱɺnf,iσ = f
†
iσfiσɺfiσ ͸αΠτ iͰͷ f ిࢠͷফ໓ԋࢉࢠͰ͋Δɻෆ७෺໛ܕͷ৔
߹ͱಉ༷ʹɺϵf < ϵF < ϵf + U ͷ৔߹Λߟ͑ɺV ͷ೾਺ґଘੑΛແࢹ͢Δͱɺ
Heﬀ =
∑
kσ
ϵkc
†
kσckσ +
1
2
∑
iσσ′
JSi · (σ)σσ′c†iσciσ′ (1.20)
Ͱද͞ΕΔۙ౻֨ࢠ໛ܕ͕ಘΒΕΔɻ͜͜ͰɺSi ͸αΠτ i ͰͷہࡏిࢠͷεϐϯͰ
͋Δɻ
ྡΓ߹͏αΠτͷہࡏϞʔϝϯτؒʹ͸ɺ఻ಋిࢠΛഔհͱͨ͠૬ޓ࡞༻ (RKKY ૬
ޓ࡞༻)͕͸ͨΒ͘ɻ఻ಋిࢠͷϋϛϧτχΞϯ (Hcon)ΛແઁಈϋϛϧτχΞϯͱͯ͠ɺ
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ࠞ੒߲ (HJ)Λઁಈͱͯ͠ల։͢ΔɻҰ࣍ઁಈͰ͸ہࡏϞʔϝϯτͷ઎༗਺͕มΘΔͨΊ
ߴΤωϧΪʔϓϩηεͷΈͱͳΔɻೋ࣍ઁಈͰ i, j αΠτͷہࡏεϐϯ͕ؔΘΔ߲Λߟ͑
Δͱ
H(2) = PHJ(Eg −Hcon)−1QHJP, (1.21)
=
∑
k,p
∑
σσ′
∑
ss′
fk − fp
ϵk − ϵp ⟨ks
′|HJ |ps⟩ ⟨pσ′|HJ |kσ⟩ , (1.22)
= J2
∑
i,j
∑
k,p
∑
σσ′
∑
ssσ
fk − fp
ϵk − ϵp ⟨ks
′|Sj · (σ)ss′σ|ps⟩ ⟨pσ′|Si · (σ)σσ′ |kσ⟩ (1.23)
× ⟨ks|js⟩ ⟨js′|ps′⟩ ⟨pσ′|iσ′⟩ ⟨iσ|kσ⟩ , (1.24)
= −J2
∑
i,j
∑
q
χµν(q)e
−iq·(Ri−Rj)Sµi S
ν
j , (1.25)
= −J2
∑
i,j
χµν(i, j)S
µ
i S
ν
j (1.26)
ΛಘΔɻP ͸఻ಋిࢠΛϑΣϧϛΤωϧΪʔҎԼͷ઎༗ঢ়ଶʹ੍ݶ͢ΔࣹӨԋࢉࢠɺ
Q = 1− PɺEg ͸Hcon ͷجఈΤωϧΪʔɺfk ͸ઈରྵ౓ͰͷϑΣϧϛ෼෍ؔ਺Ͱ͋Δɻ
3ճ໨ͷ౳߸Ͱ q = k − pͱஔ͍ͨɻχµν(i, j),χµν(q)͸
χµν(i, j) =
∑
σσ′
∑
ssσ
⟨[σµσσ′c†iσciσ′ ,σνss′c†jscjs′ ]⟩, (1.27)
χµν(q) = χµν(i, j)e
iq·(Ri−Rj) (1.28)
Ͱఆٛ͞ΕΔεϐϯײड཰Ͱ͋Δɻχµν(q)͕
χµν(q) =
∑
k,q
∑
σσ′
∑
ssσ
fk − fk+q
ϵk − ϵk+q ⟨ks
′|σµss′σ|ps⟩ ⟨pσ′|σνσσ′ |kσ⟩ (1.29)
(1.30)
ͱද͞ΕΔ͜ͱ͸ɺ෇࿥ Cʹड़΂Δɻࣜ 1.26͸ RKKY૬ޓ࡞༻ͱݺ͹Εɺi, j ʹ͋Δہ
ࡏిࢠ͕఻ಋిࢠΛհͯ͠૬ޓ࡞༻͢Δ͜ͱΛද͍ͯ͠ΔɻRKKY૬ޓ࡞༻͸఻ಋిࢠ
ͷײड཰ʹൺྫ͢Δ௕ڑ཭૬ޓ࡞༻Ͱ͋Δɻ
1.2.3 Doniachͷ૬ਤ
f ిࢠܥͷ෺ཧݱ৅͸ Doniachͷ૬ਤʹΑͬͯཧղ͞ΕΔ [28]ɻຊઅͰड़΂ͨΑ͏ʹɺ
ہࡏεϐϯΛ΋ͭ֨ࢠܥͰ͸ۙ౻ޮՌͱ RKKY૬ޓ࡞༻ͷ 2ͭͷ૬ޓ࡞༻͕͋Δɻۙ౻
13
JTe
m
pe
ra
tu
re
order Fermi liquid
TRKKY ∼ J2 TK ∼ e−1/J
Jc
ਤ 1.10: Doniachͷ૬ਤɻ
ޮՌ͸఻ಋిࢠͱہࡏεϐϯ͕൓ڧ࣓ੑతʹ݁߹͠ɺҰॏ߲ঢ়ଶΛܗ੒͢Δݱ৅Ͱ͋Δɻ
͜ͷ݁߹ΤωϧΪʔʹରԠ͢ΔಛੑԹ౓͸ۙ౻Թ౓ TK ͱݺ͹ΕɺTK ΑΓ΋े෼ߴԹͰ
͸ہࡏεϐϯ͕ࣗ༝ʹ;Δ·͍ɺTK ΑΓ΋े෼௿ԹͰ͸ඇ࣓ੑঢ়ଶͱͳΔɻTK ҎԼͷ
ඇ࣓ੑঢ়ଶ͸ɺہॴϑΣϧϛӷମͰهड़͞Εɺ༗ޮ࣭ྔ͕ඇৗʹେ͖͘ͳΔ [29–32]ɻ
RKKY૬ޓ࡞༻͸͢Ͱʹड़΂ͨΑ͏ʹɺہࡏεϐϯ͕఻ಋిࢠΛհͯ݁͠߹͢Δ૬ޓ
࡞༻Ͱ͋ΔɻRKKY૬ޓ࡞༻͕ࢧ഑తʹͳΔ৔߹ʹ͸ہࡏεϐϯ͕௕ڑ཭டংͨ͠ঢ়ଶ
͕جఈঢ়ଶͱͳΔɻہࡏεϐϯ͕டং͢ΔԹ౓ (TRKKY)ͱۙ౻Թ౓ TK ͸఻ಋిࢠͱہ
ࡏεϐϯͷ݁߹ఆ਺ J ґଘੑ͕ҟͳΓɺ௨ৗ͸࣓ؾடংঢ়ଶͱۙ౻Ұॏ߲ͷͲͪΒ͔͕
جఈঢ়ଶͱͳΔɻۙ౻ޮՌͷԹ౓εέʔϧ͸ɺϑΣϧϛΤωϧΪʔͰͷঢ়ଶີ౓ D(ϵF )
Λ༻͍ͯɺTK ∼ exp(−1/JD(ϵF ))ͱද͞ΕɺTRKKY ͷεέʔϧ͸ TRKKY ∼ J2D(ϵF )
ͱͳΔɻT, J ʹ͍ͭͯਤࣔ͢Δͱਤ 1.10ͷΑ͏ʹͳΔɻJ ͕େ͖͍ྖҬͰ͸ۙ౻Ұॏ߲
͕ɺখ͍͞ྖҬͰ͸ہࡏεϐϯͷ࣓ؾடংঢ়ଶ͕جఈঢ়ଶͱͳΔɻTK ∼ TRKKY ͱͳΔ
Jc Ͱઈରྵ౓Ͱͷ૬సҠ͕͋Γɺ͜ͷ఺͸ྔࢠྟք఺ͱݺ͹ΕΔɻྔࢠྟք఺ۙ๣Ͱ͸ɺ
ྔࢠΏΒ͕͗େ͖͍ͨΊʹɺ෺ཧྔͷൃࢄతͳৼΔ෣͍΍ɺ௒఻ಋసҠ౳͕؍ଌ͞Ε͍ͯ
Δɻ[4, 33–35]
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1.2.4 ࢛ۃࢠۙ౻֨ࢠ໛ܕ
ۙ౻໛ܕͰ఻ಋిࢠʹ৽ͨͳࣗ༝౓Λ௥Ճͨ͠ҎԼͷ૬ޓ࡞༻ΛؚΉϋϛϧτχΞϯΛ
ߟ͑Δɻ
H =
J
2N
∑
kpσσ′
M∑
α=1
S · (σ)σσ′c†k,ασcp,ασ′ . (1.31)
α = 1, 2, · · ·M ͕৽ͨͳࣗ༝౓Ͱ͋ΔɻM > 2S ͷ৔߹ʹ͸ɺ఻ಋిࢠ͕ہࡏεϐϯΛ
ա৒ʹःณ͠ɺඇϑΣϧϛӷମతͳৼΔ෣͍͕ੜ͡Δ [36–38]ɻM = 2, S = 1/2ͷ৔߹
͸ಛʹ 2νϟωϧۙ౻ޮՌͱݺ͹Εɺൺ೤ C ͕ C/T ∝ − lnTɺిؾ఍߅ ρ͕ ρ ∝ √T
ͷΑ͏ʹৼΔ෣͏ɻM = 2, S = 1/2ͷ৔߹Λपظܥʹ֦ுͨ͠ 2νϟωϧۙ౻֨ࢠ໛ܕ
͸ɺf2 ഑ஔΛͱΔԽ߹෺Ͱ݁থ৔جఈঢ়ଶ͕ Γ3 ͷ৔߹ʹ࣮ݱ͢Δ͜ͱ͕ CoxʹΑΓࢦఠ
͞Εͨ [39]ɻ݁থ৔جఈঢ়ଶ͕ Γ3 Ͱ͋Δ͜ͱɺిࢠ਺͕ҟͳΔঢ়ଶͰΤωϧΪʔ͕࠷΋
௿͍ͷ͸ f1 ͷ Γ7 ೋॏ߲Ͱ͋Δ͜ͱΛԾఆ͢Δͱɺہࡏ f ిࢠ͸఻ಋిࢠͱͷࠞ੒Ͱ͜ͷ
2ঢ়ଶؒΛҠΓมΘΔɻΓ3 ⊗ Γ7 = Γ8 ͱͳΔͨΊɺࠞ੒͕Մೳͳ఻ಋిࢠ͸ Γ8 ʹݶΒΕ
ΔɻΓ8 ࣗ༝౓͸ Γ3 ͱಉ࢛͡ۃࢠࣗ༝౓ʹՃ͑ͯεϐϯࣗ༝౓Λ΋ͪɺ఻ಋిࢠͷ࢛ۃࢠ
ͷࣗ༝౓͕ٖεϐϯ Sɺεϐϯࣗ༝౓͕νϟωϧ α = 1, 2ʹରԠ͢Δɻ
1.3 ిؾ࣓ؾޮՌ
ຊઅͰ͸ిؾ࣓ؾޮՌʹ͍ͭͯ֓؍͠ɺରশੑͱͷؔ࿈ʹ͍ͭͯड़΂Δɻରশੑʹ͍ͭ
ͯͷৄࡉͳٞ࿦͸ 2.1અͰߦ͏ɻ
Ұൠʹɺ࣓Խ (ిؾ෼ۃ)͸࣓৔ (ి৔)ʹ༠ى͞ΕΔɻ͜Ε͸ɺ࣓Խͱ࣓৔ɺిؾ෼ۃ
ͱి৔͕ಉ͡ରশੑΛ΋ͭ͜ͱ͔Βɺ෺࣭ͷରশੑʹΑΒͣҰൠʹݟΒΕΔݱ৅Ͱ͋Δɻ
Ұํɺి৔ (࣓৔)ͷҹՃʹΑͬͯ෺࣭ͷ࣓Խ (ిؾ෼ۃ)͕༠ى͞ΕΔ৔߹͕͋Δɻ͜ͷ
Α͏ͳݱ৅͸ిؾ࣓ؾޮՌͱݺ͹ΕΔ [40, 41]ɻઢܗͷిؾ࣓ؾޮՌ͕ੜ͡Δ৚݅͸ɺܥ
͕࣌ؒ൓సɺۭؒ൓సରশੑΛͱ΋ʹഁΔ͜ͱͰ͋Δ͜ͱ͕ɺϥϯμ΢ɺϦϑγοπʹ
Αͬͯཧ࿦తʹࣔ͞Ε͍ͯͨ [42] ɻ͜ΕΛड͚ͯɺδϟϩδϯεΩʔ͕ Cr2O3 Λީิ෺
࣭ͱͯ͠ఏҊ͠ [43]ɺ1960೥ʹ࣮ݧͰ֬ೝ͞Εͨ [44]ɻిྲྀʹΑΔ࣓Խͷ੍ޚ͸Τωϧ
ΪʔϩεΛ൐͏͕ɺઈԑମʹ͓͚Δిؾ࣓ؾޮՌ͸ɺΤωϧΪʔଛࣦΛ൐Θͣɺ࣓ؾσό
Πεͷ௿ిྗԽʹͭͳ͕Δͱͯ͠ɺ੝Μʹݚڀ͞Ε͖͍ͯͯΔ [45]ɻҰํͰɺۚଐ΍൒ಋ
ମͷిؾ࣓ؾޮՌͷݚڀ͕ۙ೥ൃల͍ͯ͠Δ [46–51]ɻۚଐͰ͸ɺి৔ʹΑͬͯిྲྀ͕༠
ى͞Εɺ͜Εͱ࣓Խ͕݁߹Ͱ͖Δɻ͜ͷͨΊɺ࣌ؒ൓సରশੑΛ࣋ͭ෺࣭Ͱ΋ిྲྀ༠ىͰ
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(a) (b)
ਤ 1.11: (a) UNi4B ͷ௿ԹͰͷ࣓ؾடংͷߏ଄ɻ(b) ࡾ֯֨ࢠ໘಺ ([21¯1¯0]) ʹిྲྀΛҹ
Ճͨ͠৔߹ͷ໘಺ਨ௚ํ޲ [011¯0] ͷ࣓Խɻૠਤͷ ∆M ͸ 0 mA Ͱͷ࣓ԽͱͷࠩͰ͋
Δɻ[51]ΑΓసࡌ
࣓Խ͕ੜ͡ಘΔ [48]ɻ࣮ࡍʹɺ୯ମςϧϧʹ͓͍ͯɺόϧΫͷిྲྀ༠ى࣓Խ͕֬ೝ͞Εͯ
͍Δ [49]ɻ·ͨɺిྲྀʹର͢Δ࣓ԽͷԠ౴ؔ਺͸ܥ͕ϫΠϧ൒ۚଐʹͳΔͱ͖ʹඇৗʹେ
͖͘ͳΔ͜ͱ͕ࣔ͞Ε͍ͯΔ [50]ɻ
ిྲྀ༠ى࣓ԽΛଌఆ͢Δ͜ͱͰடংʹΑͬͯഁΕͨରশੑΛಉఆ͢Δ͜ͱ͕ՄೳͰ͋
Γɺྫ͑͹ɺUNi4Bͷ࣓ؾτϩΠμϧடংʹΑͬͯഁΒΕΔରশੑ͕ɺిྲྀ༠ى࣓Խͷ
ଌఆʹΑͬͯ֬ೝ͞Ε͍ͯΔ ( [51])ɻҎԼ͜Εʹ͍ͭͯઆ໌͢ΔɻUNi4B͸ U͕ (ۇ͔
ʹ࿪Μͩ)ࡾ֯֨ࢠΛ૊Ήɻۭؒ܈͸௚ํথ CmcmͰ͋Δ͕ɺ࿪Έ͸খۙ͘͞ࣅతʹཱ
ํথ P6/mmmͱΈͳͤΔɻUΛғΉ NiɺBͷ഑ஔ͔Β UҐஔʹ͸ۭؒ൓సରশੑ͕ͳ
͘ɺہॴతʹۭؒ൓సରশੑ͕ഁΕ͍ͯΔɻTN = 20.4 KҎԼͰͷ൓ڧ࣓ੑடংʹؔΘΔ
ͷ͸ UαΠτͷ͏ͪ 2/3Ͱɺ࿡֯ܗ্ʹӔঢ়ͷ࣓ؾϞʔϝϯτΛ࣋ͭ͜ͱ͕ఏҊ͞Εͯ
͍Δ (ਤ 1.11(a)) [52]ɻ͜ͷ࣓ؾߏ଄͸ɺ࣓ؾτϩΠμϧϞʔϝϯτ t(∝ ∑l rl × Sl, rl
͸αΠτͷҐஔɺSl ͸εϐϯ)͕ࡾ֯֨ࢠ໘ʹਨ௚ͳํ޲Λ޲͍ͨڧτϩΠμϧடংͱΈ
ͳͤΔ [47]ɻରশੑ͔ΒɺτϩΠμϧடং૬Ͱ͸ɺ໘಺ʹిྲྀΛҹՃ͢Δ͜ͱʹΑΓɺి
ྲྀͱ tͷ྆ऀʹਨ௚ͳํ޲ʹ࣓Խ͕༠ى͞ΕΔ͜ͱ͕ڐ͞ΕΔ [47]ɻจݙ [51]Ͱ͸ɺిྲྀ
ͱ (ࡾ֯֨ࢠ໘ʹਨ௚ͱԾఆͨ͠৔߹ͷ)tͷ྆ऀʹਨ௚ͳํ޲ʹ࣓Խ͕ੜ͡Δ͜ͱɺిྲྀ
ͷ޲͖Λٯʹ͢Δ͜ͱͰ࣓Խͷ޲͖΋ٯʹͳΔ͜ͱ͕ใࠂ͞Εͨ (ਤ 1.11(b))ɻ͜ΕʹՃ
͑ɺిྲྀ͕ࡾ֯֨ࢠ໘ʹਨ௚ͳ৔߹ʹ΋໘಺ʹ࣓Խ͕ੜ͡Δ͜ͱ͕֬ೝ͞Εͨɻ͜Ε͸ɺ
࣓ؾடংߏ଄ɺ͋Δ͍͸݁থߏ଄͕༧૝͞Ε͍ͯΔ΋ͷͱҟͳΔ͜ͱΛࣔࠦ͢Δɻ͜ͷݚ
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ڀ͸ɺ൓ڧ࣓ੑடং૬಺Ͱͷిྲྀ༠ى࣓Խ͕ॳΊͯ؍ଌ͞ΕͨྫͰ͋Γɺ·ͨɺిྲྀ༠ى
࣓ԽͷҟํੑͷଌఆʹΑΓடংม਺ͷରশੑ͕ࣔࠦ͞ΕͨॳΊͯͷྫͰ΋͋Δɻ
͜ͷΑ͏ʹɺిྲྀ࣓ؾޮՌ͸டংม਺͕ഁΔରশੑΛ൓ө͢Δ͜ͱ͔Βɺடংม਺Λղ
໌͢ΔͨΊʹ༻͍Δ͜ͱ͕Ͱ͖Δɻ
1.4 ݚڀ໨త
1.1અͰड़΂ͨΑ͏ʹɺPr 1-2-20ܥͰ͸ɺ࢛ۃࢠடং͕֬ೝ͞Ε͍ͯΔɻடংม਺͸஄
ੑఆ਺ͷҟํੑͳͲ͔Β۠ผ͞Ε͏Δ͕ɺ൓ڧடংͷ৔߹ʹ͸ҟํੑ͕খ͘͞ɺݱࡏ·Ͱ
θϩ࣓৔Ͱͷடংม਺ͷಉఆ͸ͳ͞Ε͍ͯͳ͍ɻҰํɺ1.3અͰड़΂ͨΑ͏ʹɺిؾ࣓ؾ
ޮՌ͸ۭؒ൓సରশੑΛഁΔ൓ڧடংͷ৔߹ʹͷΈੜ͡ɺ൓ڧடংͷடংม਺ (O22, O20)
Λ۠ผ͢Δ͜ͱ͕ՄೳͰ͋ΔɻຊݚڀͰ͸ɺPr 1-2-20ܥͷ൓ڧ࢛ۃࢠடং͕ిؾ࣓ؾޮ
ՌʹΑͬͯ۠ผ͞ΕΔ͜ͱΛҎԼͷΑ͏ʹࣔ͢ɻ(1)μΠϠϞϯυߏ଄্Ͱͷ Γ3 ࣗ༝౓
͕΋ͭ൓ڧ࢛ۃࢠடং͕ഁΔରশੑɺͦΕʹΑͬͯ༠ى͞ΕΔిؾ࣓ؾԠ౴Λ෼ྨ͢Δɻ
(2)࢛ۃࢠۙ౻֨ࢠ໛ܕΛฏۉ৔ۙࣅΛ༻͍ͯղੳ͠ɺڧٴͼ൓ڧ࢛ۃࢠடংͷ૬ਤΛಘ
Δɻ(3)൓ڧ࢛ۃࢠடংԼͰͷԠ౴Λܭࢉ͠ɺిྲྀ༠ى࣓ԽʹΑͬͯடংม਺ͷ۠ผ͕͞
ΕΔ͜ͱΛࣔ͢ɻ
1.5 ߏ੒
ຊ࿦จ͸ҎԼͷষɺઅʹΑͬͯߏ੒͞ΕΔɻୈ 1ষͰ͸ຊݚڀͷഎܠͱݚڀͷ໨తʹͭ
͍ͯड़΂ͨɻ1.1અͰଟۃࢠࣗ༝౓ʹ͍ͭͯɺ1.2અͰۙ౻໛ܕʹ͍ͭͯɺ1.3અͰిؾ࣓
ؾޮՌʹ͍ͭͯ֓؍͠ɺ1.4અͰ͸ຊݚڀͷ໨తʹ͍ͭͯड़΂ͨɻୈ 2ষͰ͸ຊݚڀͰ༻
͍Δख๏Λ঺հ͢Δɻ2.1અͰϥϯμ΢ཧ࿦ʹΑΔՄೳͳடংม਺ͷ෼ྨͱՄೳͳԠ౴ͷ
෼ྨɺ2.2અͰ͸ઢܗԠ౴ཧ࿦ʹΑΔԠ౴ͷදࣜɺ2.3અͰ͸൒ݹయ࿦ʹΑΔيಓ࣓Խͷѻ
͍ʹ͍ͭͯ·ͱΊΔɻୈ 3ষͰ͸఻ಋిࢠͷ໛ܕΛಋೖ͢Δɻ3.1અͰڧଋറۙࣅ͔Β఻
ಋిࢠͷ Γ8 ϞσϧΛߏ੒͠ɺ3.2અͰ͜ͷϞσϧ͕࣋ͭଟۃࢠϞʔϝϯτʹ͍ͭͯઆ໌
͢Δɻୈ 4ষͰ͸ɺہࡏϞʔϝϯτͷ൓ڧடংΛԾఆ͠ɺͦͷடংม਺͸ύϥϝʔλʔͱ
ͯ͠༩͑ɺόϯυߏ଄ɺిؾ࣓ؾޮՌΛܭࢉ͢Δɻ4.1અͰόϯυߏ଄ʹ͍ͭͯɺ4.2અͰ
ిؾ࣓ؾޮՌͷܭࢉ݁Ռʹ͍ͭͯઆ໌͢Δɻୈ 5ষͰ͸ɺ࢛ۃࢠۙ౻֨ࢠ໛ܕΛಋೖ͠ɺ
ฏۉ৔ۙࣅʹΑΓղੳ͢Δɻ5.1અͰ͸ہࡏϞʔϝϯτͱ఻ಋిࢠ͕૬ޓ࡞༻͢Δ࢛ۃࢠ
ۙ౻֨ࢠϞσϧΛಋೖ͠ɺ5.2અͰฏۉ৔ʹΑΔղʹ͍ͭͯٞ࿦͢Δɻୈ 6ষͰ͸ຊݚڀ
ͷ·ͱΊɺࠓޙͷల๬ʹ͍ͭͯड़΂Δɻ֤෦෼Ͱͷৄࡉͳܭࢉ͸෇࿥ͱͨ͠ɻ
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ୈ 2ষ
ख๏
ຊষͰ͸ຊݚڀͰ༻͍Δछʑͷख๏ʹ͍ͭͯड़΂Δɻ2.1અͰϥϯμ΢ཧ࿦ʹΑΔՄೳ
ͳடংม਺ͷ෼ྨͱՄೳͳԠ౴ͷ෼ྨɺ2.2 અͰ͸ઢܗԠ౴ཧ࿦ʹΑΔԠ౴ͷදࣜɺ2.3
અͰ͸༌ૹݱ৅ͷ൒ݹయ࿦ʹ͍ͭͯड़΂Δɻ
2.1 டংม਺ͷ෼ྨֶ
2.1.1 டংม਺ͷ෼ྨ
ຊ߲Ͱ͸ɺϥϯμ΢ཧ࿦ʹΑͬͯՄೳͳடংม਺Λ෼ྨ͢Δɻຊ߲ͷ಺༰͸ओʹจ
ݙ [53, 54]ʹجͮ͘ɻPr 1-2-20ܥΛ೦಄ʹஔ͖ɺܥ͸ۭؒ܈ Fd3¯mʹଐ͠ɺμΠϠϞϯ
υߏ଄ͷ֤αΠτͷిࢠঢ়ଶ͸ Γ3 ࣗ༝౓Ͱ͋Δͱ͢Δɻຊ߲ͷཁ఺͸ɺ୯७ͳ൓ڧடং
͸ෆՄೳͰ͋Δɺͱ͍͏͜ͱͰ͋Δɻ͜Ε͸ɺࣗ༝ΤωϧΪʔͷදࣜʹදΕΔඇ౳ํతͳ
߲ʹΑͬͯɺ൓ڧϞʔϝϯτͱಉ࣌ʹɺҰ༷ͳ O20 Ϟʔϝϯτ͕༠ى͞ΕΔͨΊͰ͋Δɻ
ҎԼɺϥϯμ΢ཧ࿦ʹΑΔࣗ༝ΤωϧΪʔͷදࣜΛಋ͖ɺ্ʹड़΂ͨ͜ͱΛಘΔɻϥϯμ
΢ཧ࿦Ͱڐ͞ΕΔ߲ͷඍࢹతͳىݯʹ͍ͭͯ͸ 5.1અͰड़΂Δɻ
டংม਺
·ͣɺΓ3 ೋॏ߲ͷ 2 ͭͷݻ༗ঢ়ଶΛ |Γ3u,v⟩ Ͱද͢ɻΓ3 ೋॏ߲͔Β࡞Δ͜ͱͷͰ͖
Δԋࢉࢠ͸ύ΢ϦߦྻΛ༻͍ͯද͞ΕΔɻ׆ੑϞʔϝϯτ͸ɺిؾ୯ۃࢠɺిؾ࢛ۃࢠ
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(O20, O22)ɺ࣓ؾീۃࢠ (Txyz)Ͱ͋ΓɺରԠ͢Δύ΢Ϧߦྻ͸ҎԼͰ༩͑ΒΕΔɻ
τx =
2
3
O22, (2.1)
τz =
2
3
O20, (2.2)
τy = −2
3
Txyz. (2.3)
͜͜Ͱɺ
O22 =
√
3
2
(J2x − J2y ), (2.4)
O20 =
1
2
(2J2z − J2x − J2y ), (2.5)
Txyz =
√
15
6
JxJyJz (2.6)
Ͱ͋Δɻ͜͜ͰɺJ = (Jx, Jy, Jz)͸ J = 4ͷۭؒʹ࡞༻͢Δશ֯ӡಈྔԋࢉࢠͰ͋Γɺ
JxJyJz ͸ Jx, Jy, Jz ͷॱংͷೖΕม͑Λͨ͠ 6ݸͷ߲ͷ࿨ΛͱΓ 1/6ഒͨ͠΋ͷΛද͢ɻ
࣍ʹɺμΠϠϞϯυߏ଄ (ۭؒ܈ Fd3¯m) ͷରশૢ࡞ͱ্Ͱఆٛͨ͠ύ΢Ϧߦྻͷ
ม׵ੑΛ·ͱΊΔɻμΠϠϞϯυߏ଄͸ɺ໘৺ཱํ֨ࢠͰɺ୯Ґ๔಺ʹ A(0, 0, 0)ɺ
B(1/4, 1/4, 1/4) ͷ 2 αΠτΛؚΉߏ଄Ͱ͋Δɻ֤αΠτͷपΓͷରশૢ࡞Ͱ͋Δ఺
܈ Td ͷૢ࡞ E, 8C3, 6C4, 6C ′2, 3C2, I, 8S3, 8S6, 6σd, 3σh ͱ͜ΕΒʹ {I|b}Λ͔͚ͨ΋ͷ
(b = (1/4, 1/4, 1/4))ɺٴͼجຊฒਐɺ࣌ؒ൓సΛ৐ͨ͡΋ͷ͕ܥͷରশૢ࡞Ͱ͋ΔɻTd
ͷૢ࡞͸෭֨ࢠ A,B Λෆมʹอͪɺ{I|b}͸෭֨ࢠΛೖΕସ͑Δɻ
τ± = τz ± iτx ͱఆٛ͢Δͱɺτ±,z ͸ҎԼͷΑ͏ʹม׵͢Δɻ
T : τ±A/B → τ∓A/B , τyA/B → −τyA/B , (2.7)
{I|b} : τx,y,zA/B → τx,y,zB/A , (2.8)
IC4z : τ
±
A/B → τ∓A/B , τyA/B → −τyA/B , (2.9)
σ110 : τ
±
A/B → τ∓A/B , τyA/B → −τyA/B , (2.10)
C3 : τ
±
A/B → e∓i2π/3τ±A/B . (2.11)
͜͜ͰɺA,B ͸୯Ґ๔಺ͷ 2ͭͷ෭֨ࢠΛද͢ɻ
ຊݚڀͰ͸࢛ۃࢠடংʹ஫໨͢ΔͨΊɺτy ͷடং͸ߟ͑ͳ͍ɻ·ͨɺ൓ڧடং͸
Q = 0ɺ͢ͳΘͪ෭֨ࢠʹؔͯ͠൓ରশͳடংͷΈΛߟ͑Δɻ͕ͨͬͯ͠ɺߟྀ͢Δடং
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ਤ 2.1: Ґ૬ θ ͱடংม਺ͷܗঢ়ɻ[53]ΑΓసࡌɻ
ม਺͸ɺ
φu ≡ ⟨τ+A ⟩+ ⟨τ+B ⟩ ≡ |φu|eiθu , (2.12)
φs ≡ ⟨τ+A ⟩ − ⟨τ+B ⟩ ≡ |φs|eiθs (2.13)
Ͱ͋Δɻఴࣈ A,B ͸ 2 ͭͷ෭֨ࢠΛද͠ɺu, s ͸ͦΕͧΕ uniformɺstaggered ʹ༝དྷ
͢Δɻடংม਺ͷҐ૬ θ ͸ɺθ = lπ/6, l = 0, 1 · · · 6 · · · 11 ͸ 3z2 − r2, z2 − x2, 3x2 −
r2, x2 − y2, 3y2 − r2, y2 − z2,−(3z2 − r2) · · · ʹରԠ͢Δ (ਤ 2.1)ɻ
ࣗ༝ΤωϧΪʔ
ࣗ༝ΤωϧΪʔΛடংม਺ͷϕΩͰల։͢Δɻࣗ༝ΤωϧΪʔΛɺڧ͓Αͼ൓ڧతடং
͔Βͷد༩ Fφu , Fφs ͱͦΕΒͷ૬ޓ࡞༻ Fint ʹΘ͚ɺ֤ʑΛ౳ํతͳ 2, 4࣍ٴͼҟํత
ͳ߲ͷ࠷௿࣍·Ͱల։͢Δͱɺରশੑ͔Βڐ͞ΕΔ߲͸ҎԼͰ༩͑ΒΕΔ (෇࿥ B)ɻ
F = F0 + Fφu + Fφs + Fint, (2.14)
Fφu = ruφ|φu|2 + v|φu|3 cos 3θu + cuφ|φu|4 + · · · , (2.15)
Fφs = rsφ|φs|2 + csφ|φs|4 + |φs|6(t+ w cos 6θs) + · · · , (2.16)
Fint = λ|φs|2|φu| cos(2θs + θu). (2.17)
F0 ͸டং͕ͳ͍৔߹ͷࣗ༝ΤωϧΪʔͰ͋ΔɻFint ߲ʹΑͬͯ൓ڧடংʹ”دੜͨ͠”ڧ
తϞʔϝϯτ͕༗ݶʹੜ͡ΔɻҎԼɺடংͷύλʔϯຖʹৄࡉΛड़΂Δɻڧతடংม਺Λ
(OF20, O
F
22)ɺ൓ڧతடংม਺Λ (O
AF
20 , O
AF
22 )Ͱද͢ɻ
ڧతடং
͜͜Ͱ͸ڧతடংͷ৔߹ʹ͍ͭͯߟ͑ΔɻڧతடংసҠ͸ v2 > 4ruφcuφ = 0 Ͱੜ
͡ɺθu ͸ v ߲ͷූ߸ʹΑܾͬͯ·Δɻv < 0 ͷ৔߹ɺθu = 2lπ/3ɺv > 0 ͷ৔߹
20
θu = (2l + 1)π/3 ͕ղʹͳΔɻ͕ͨͬͯ͠ɺv ͷූ߸ʹΑΒͣɺOF20 ͕டংม਺ͱͳΔɻ
3࣍ͷ߲͕༗ݶͰ͋ΔͨΊɺடং͸Ұൠʹ 1࣍సҠͱͳΔɻ
”دੜͨ͠”ڧతடংΛ൐͏൓ڧతடং
͜͜Ͱ͸ɺ൓ڧతடংʹ͍ͭͯड़΂ΔɻFint ʹΑͬͯ”دੜͨ͠”ڧతடং͕༠ى͞Ε
Δɻ·ͣɺओཁ߲ͱͯ͠ φs ͕டং͢Δ৔߹Λߟ͑ɺͦͷޙʹࣗ༝ΤωϧΪʔΛ࠷খԽ͢
ΔΑ͏ʹɺφu ΛܾΊΔɻFφs ͷΈΛߟ͑Δͱɺڧடংͷ৔߹ͱҟͳΓɺw ͷਖ਼ෛʹΑͬ
ͯ OAF22 , O
AF
20 ྆ํ͕ՄೳͰ͋Γɺw < 0ͷ৔߹͸ O
AF
20 ɺw > 0ͷ৔߹͸ O
AF
22 ͕ղͱͳ
Δɻ࣍ʹ φu ΛܾΊΔɻFint Λ࠷খԽ͢Δ φu ͸
|φu| = λ
ruφ
|φs|, (2.18)
θu = −2θs,−2θs + π, . (2.19)
ͱͳΔɻλ < 0 ͷͱ͖ θu = −2θs, λ > 0 ͷͱ͖ θu = −2θs Ͱ͋Δɻ൓ڧϞʔϝϯτ͕
OAF22 , O
rmAF
20 ͍ͣΕͷ৔߹ʹ΋ɺڧతϞʔϝϯτ͸ O
F
20 ͱͳΔɻ
ҰൠʹՄೳͳ૬͸ҎԼͷ 3ͭͰ͋Δɻ
(A) OAF22 ͱدੜͨ͠ O
F
20 Ϟʔϝϯτͷடংɻ
(B) OAF20 ͱدੜͨ͠ O
F
20 Ϟʔϝϯτͷடংɻ͢ͳΘͪɺA,B ෭֨ࢠͰ޲͖͕ٯͰେ͖
͞ͷҟͳΔ O20 Ϟʔϝϯτͷடংɻ
(C) ڧతɺ൓ڧతͱ΋ʹ O20ɺO22 ͷઢܗ݁߹Ͱද͞ΕΔடংɻw, v,λ͕፰߅͢Δ৔߹
ʹ͸ɺ্Ͱड़΂ͨΑ͏ʹ w ߲Λ࠷খԽͨ͠ޙʹɺλ Λ࠷খԽ͢Δடংม਺͕࠷খΤωϧ
ΪʔͱͳΒͣɺ͜ͷΑ͏ͳ૬͕දΕΔɻ
2.1.2 டংม਺ͱՄೳͳిؾ࣓ؾޮՌ
ຊ߲Ͱ͸ɺରশੑͱՄೳͳԠ౴ͷؔ܎ʹ͍ͭͯ·ͱΊɺடং͢ΔϞʔϝϯτͱՄೳͳ
ిؾ࣓ؾԠ౴Λ෼ྨ͢ΔɻΑΓҰൠతͳ෼ྨ͸จݙ [55, 56] ʹ༩͑ΒΕ͍ͯΔɻຊ߲ͷ
ཁ఺͸ɺ൓ڧடংʹΑͬͯిྲྀ༠ى࣓ԽͳͲͷԠ౴͕Ҿ͖ى͜͞ΕΔ͜ͱɺடংม਺
(OAF20 , O
AF
22 )ʹΑͬͯҟͳΔํ޲ґଘੑΛࣔ͢͜ͱͰ͋Δɻ
֎৔ Y ʹΑΔ෺ཧྔX ͷઢܗԠ౴ͷԠ౴ؔ਺ α͸ ⟨Xi⟩ = αijYj Ͱ༩͑ΒΕΔɻα͸
ܥͷରশૢ࡞ͰෆมͰ͋Δɻ͢ͳΘͪɺܥͷۭؒ܈ͷશରশදݱͰͳ͚Ε͹ͳΒͳ͍ɻ͠
͕ͨͬͯɺXiYj ͷઢܗ݁߹Ͱͭ͘ΒΕΔط໿දݱͷ͏ͪɺશରশදݱʹଐ͢Δ΋ͷͷΈ
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T I σx σy σz σ110 Cx2 Cy2 Cz2 C1102
Mz − + − − + − − − + −
Jz − − + + − + − − + −
Ez + − + + − + − − + −
OF20 + + + + + + + + + +
OF22 + + + + + − + + + −
OAF20 + − − − − + + + + −
O22AF + − − − − − + + + +
ද 2.1: ओͳରশૢ࡞ (ԣ) ͱ෺ཧྔ (ॎ) ͷม׵ੑɻූ߸͸෺ཧྔͷૢ࡞ʹର͢Δۮحੑ
Λද͢ɻ
͕ՄೳͳԠ౴Ͱ͋Δ*1ɻடংม਺ Z ʹΑͬͯܥͷରশੑ͕ഁΕɺԠ౴͕༠ى͞ΕΔ৔߹Λ
ߟ͑Δͱɺடং͕ͳ͍৔߹ͷܥͷରশૢ࡞ʹؔͯ͠ X ͱ Y Z ͕ಉ༷ʹม׵͞ΕΔ৔߹ʹ
Ԡ౴͕ੜ͡ಘΔɻZ ͕੒෼Λ΋ͭ৔߹ʹ͸ɺXiYjZk ͷઢܗ݁߹Ͱ࡞ΒΕΔط໿දݱͷ͏
ͪɺશରশදݱʹଐ͢Δ৔߹ʹԠ౴͕༠ى͞ΕΔɻຊݚڀͰ͸ɺ֎৔ͱͯ͠ి৔E ͱిྲྀ
J Λɺ෺ཧྔX ͱͯ͠ओʹ࣓ԽM ͱͦͷଞͷଟۃࢠϞʔϝϯτΛܭࢉ͢Δɻ఺܈ Td ͷ
ط໿දݱٴͼ௚ੵදݱͱͦͷجఈɺ࣓ԽMɺి ྲྀJ ͱடংม਺OF/AF20 ɺOF/AF22 Ͱ࡞ΒΕ
ΔશରশදݱͳͲ͸෇࿥ Bʹࣔ͠ɺ͜ ͜Ͱ͸؆୯ʹ͍͔ͭ͘ͷରশૢ࡞ʹؔ͢Δม׵ੑͷ
Έ͔ΒՄೳͳ݁߹Λٞ࿦͢Δɻओͳ 2ճରশૢ࡞ʹؔ͢Δม׵ੑ͸ද 2.1ͷΑ͏ʹͳΔɻ
͜͜Ͱɺදͷԣ࣠͸ରশૢ࡞ɺॎ࣠͸֎৔ٴͼଟۃࢠϞʔϝϯτͰ͋Γɺූ߸ ±͸ૢ࡞ʹ
ର͢ΔۮحੑΛද͢ɻ࣓Խɺి৔ɺిྲྀͷଞͷ੒෼ͷม׵ੑ͸ (x, y, z), (y, z, x), (z, x, y)
ͱ॥؀తʹೖΕସ͑Δ͜ͱͰಘΒΕΔɻM ͱ E ͸࣌ؒ൓సɺM ͱ J ͸ۭؒ൓సʹؔ
͢Δۮح͕ҟͳΔͨΊɺடং͕ڧతͰ͋Δ৔߹ʹ͸༠ى࣓Խ͸ੜ͡ͳ͍ɻடং͕൓ڧతͰ
͋Δ৔߹ʹ͸ɺடংม਺͸ۭؒ൓సʹؔͯ͠حͰ͋ΔͨΊɺJ ༠ىͷ࣓Խ͕ੜ͡ಘΔɻͦ
ͷํ޲ґଘੑ͸டংม਺ʹΑΓҟͳΔɻྫ͑͹ɺடংม਺͕ OAF22 ͷ৔߹ʹ͸ JzMzOAF22
͸͢΂ͯͷରশૢ࡞ʹؔͯ͠ۮͰ͋ΔͨΊʹ z ํ޲ͷిྲྀʹ z ํ޲ͷ࣓Խ͕༠ى͞ΕΔ
͕ɺடংม਺͕ OAF20 ͷ৔߹ʹ͸ JzMzOAF20 ͸ σ110 ʹؔͯ͠حͰ͋ΔͨΊʹ z ํ޲ͷ࣓
*1 ి৔ʹର͢ΔిྲྀͷԠ౴ͷΑ͏ʹɺඇฏߧͰࢄҳతͳԠ౴ͷ৔߹ʹ͸ɺ࣌ؒ൓సͷۮح͕ҟͳΔԠ౴͕ੜ
͡ΔɻࢄҳతͳԠ౴ʹؔͯ͠͸ɺిྲྀʹର͢ΔԠ౴ͱߟ͑Δ͜ͱͰҎԼͷٞ࿦Λద༻͢Δ͜ͱ͕Ͱ͖Δɻ
ిྲྀ༠ىɺి৔༠ىͷ۠ผʹ͍ͭͯ͸ 2.2અͰ΋આ໌͢Δɻ
22
Խ͸༠ى͞Εͳ͍ɻJɺM ͱடংม਺Ͱ࡞ΒΕΔશରশදݱ͸
OAF20 (JxMx − JyMy), (2.20)
OAF22 (2JzMz − JxMx − JyMy) (2.21)
ͱͳΔ (෇࿥ Bࢀর)ɻ্ʹड़΂ͨ z ํ޲ͷҟํੑʹՃ͑ɺOAF22 டংͷ৔߹ʹ xํ޲ͱ y
ํ޲ͰରশʹͳΔ͜ͱɺOAF20 ͷ৔߹ʹ͸൓ରশʹͳΔ͜ͱͳͲ͕Θ͔Δɻடংม਺ͷΑ
Γߴ͔࣍Β࡞ΒΕΔط໿දݱͳͲʹ͍ͭͯ͸෇࿥ Bʹࣔ͢ɻ
2.2 ֎৔ʹର͢ΔԠ౴ཧ࿦
ຊઅͰ͸ిؾ࣓ؾޮՌΛܭࢉ͢Δࡍʹ༻͍ΔઢܗԠ౴ཧ࿦ʹ͍ͭͯड़΂Δɻͳ͓ɺຊઅ
Ͱ͸ ! = 1ͱ͢Δɻ
2.2.1 ઢܗԠ౴ཧ࿦
ຊ߲Ͱ͸ɺܥʹର͢Δ֎৔ͷઢܗԠ౴Ͱͷ෺ཧྔ X ͷظ଴஋ ⟨X⟩ ΛٻΊΔҰൠతͳ
දࣜΛࣔ͢ɻຊ߲ͷཁ఺͸ɺ(ࣜ 2.40) Ͱి৔ʹΑΔ෺ཧྔͷԠ౴ؔ਺͕ಘΒΕΔ͜ͱͰ
͋Δɻ
ܥͷϋϛϧτχΞϯ Hɺີ౓ߦྻΛ ρͱ͢Δͱɺ෺ཧྔ X ͷظ଴஋͸
⟨X⟩ = Tr(ρX), (2.22)
ʹΑΓٻ·ΔɻϋϛϧτχΞϯͱີ౓ߦྻΛɺ֎৔ͷ࣍਺ʹΑͬͯ
H = H(0) +H(1) +H(2) + · · · , (2.23)
ρ = ρ(0) + ρ(1) + ρ(2) + · · · , (2.24)
ͱల։ͯ͠ɺ֎৔ʹରͯ͠ 1࣍ͷԠ౴ΛٻΊΔɻີ౓ߦྻͷ࣌ؒൃల͸ϑΥϯɾϊΠϚϯ
ํఔࣜ
i
∂ρ
∂t
= [H, ρ], (2.25)
Ͱ༩͑ΒΕΔɻ֎৔ͷ࣌ؒґଘੑ͸ৼಈ਺ ω ʹΑΓ e−iωt Ͱද͞ΕΔͱ͢Δͱɺࠨลͷ 1
࣍ͷ߲͸ ωρ(1) ͱͳΔɻ͜͜Ͱɺt = −∞ʹ͓͍ͯ H = H(0) Ͱܥ͸೤ฏߧͰ͋ΔͨΊɺ
Im(ω) = δ > 0ͱແݶখͷڏ෦ δ Λಋೖ͢Δɻ֎৔ʹରͯ͠Ұ࣍ͷൣғͰ͸ɺϑΥϯɾϊ
ΠϚϯํఔࣜ͸,
(ω + iδ)ρ(1) = [H(1), ρ(0)] + [H(0), ρ(1)], (2.26)
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ͱͳΔɻH0 ͷݻ༗஋ E
(0)
n ɺݻ༗ঢ়ଶ |n⟩0 Λ༻͍ͯද͢ͱɺ
0 ⟨m|ρ(1)|n⟩0 =
ρ(0)n − ρ(0)m
E(0)n − E(0)m + ω + iδ
0 ⟨m|H(1)|n⟩0 , (2.27)
͕ಘΒΕΔɻ͜͜Ͱɺρ(0) ͸ H(0) ͷݻ༗ঢ়ଶͰର֯Խ͞Ε͓ͯΓɺ0 ⟨n|ρ(0)|n⟩0 = ρ(0)n
ͱͨ͠ɻઢܗԠ౴ͷൣғͰ ⟨X⟩͸
⟨X⟩ = Tr(ρ(1)X), (2.28)
=
∑
n,m
0 ⟨n|ρ(1)|m⟩0 0 ⟨m|X|n⟩0 , (2.29)
=
∑
n,m
(ρ(0)n − ρ(0)m ) 0
⟨m|H(1)|n⟩0 0 ⟨n|X|m⟩0
E(0)n − E(0)m + ω + iδ
, (2.30)
ͱͳΔɻ֎৔ AʹΑΔϋϛϧτχΞϯ͕ Hext = AY ͱද͞ΕΔ৔߹ɺ⟨X⟩ = αXAAͰ
ද͞ΕΔԠ౴ؔ਺ αXA(ω)͸
αXA(ω) =
∑
n,m
(ρ(0)n − ρ(0)m ) 0
⟨m|Y |n⟩0 0 ⟨n|X|m⟩0
E(0)n − E(0)m + ω + iδ
, (2.31)
Ͱ༩͑ΒΕΔɻ͜Ε͸ɺԠ౴ؔ਺͕ײड཰Ͱ༩͑ΒΕΔ͜ͱΛද͍ͯ͠Δ (ײड཰ʹ͍ͭ
ͯ͸)ɻ૬ޓ࡞༻͕ͳ͍ܥͰ͸ɺҰମঢ়ଶΛ༻͍ͯ
αXA(ω) =
∑
i,j
(fi − fj) ⟨j|Y |i⟩ ⟨i|X|j⟩
ϵi − ϵj + ω + iδ , (2.32)
ͱද͞ΕΔ෇࿥ Cɻ͜͜Ͱɺ|i, j⟩ɺϵi,jɺfi,j = f(ϵi,j) ͸Ұଶͷݻ༗ঢ়ଶɺΤωϧΪʔɺ
ϑΣϧϛ෼෍ؔ਺Ͱ͋Δɻ
ҎԼɺి৔ʹର͢ΔઢܗԠ౴Λߟ͑Δɻి৔ͷޮՌ͸ϕΫτϧϙςϯγϟϧ A(t)ʹؚ
·ΕɺҰମͷϋϛϧτχΞϯ͸
1
2m
(p+ eA)2 + V (r), (2.33)
ͱද͞ΕΔɻV (r)͸݁থͷϙςϯγϟϧͰ͋Δɻ֎৔ʹΑΔϋϛϧτχΞϯ͸Aʹ͍ͭ
ͯͷઢܗͷൣғͰHext = e(A · p+ p ·A)/2mͱද͞ΕΔɻv = p/mΛ༻͍ͯɺԠ౴ؔ
਺͸
αXA(ω) = e
∑
n
∑
m
(fn − fm) ⟨m|v|n⟩ ⟨n|X|m⟩
ϵn − ϵm + ω + iδ , (2.34)
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ͱͳΔɻ͜Ε͸ϕΫτϧϙςϯγϟϧʹର͢Δ X ͷԠ౴ͷ܎਺Ͱ͋Δɻి৔ͱϕΫτϧ
ϙςϯγϟϧͷؔ܎͸
E(t) = − ∂
∂t
A(t), (2.35)
A(t) = −
∫ t
0
dt′E(t′), (2.36)
= −
∫ t
0
dt′Ee−iωt
′
=
1
iω
(e−iωt − 1)E (2.37)
Ͱ͋ΔͨΊɺి৔ʹର͢ΔԠ౴ͷ܎਺͸
αXE(ω) =
1
iω
{αXA(ω)− αXA(0)}, (2.38)
ͱͳΔɻ
1
ω
1
ω + x
=
1
x
(
1− ω
x+ ω
)
(2.39)
Λ༻͍ͯ੔ཧ͢Δͱɺ
αXE = e
∑
n,m
(fn − fm)
ϵn − ϵm
⟨m|v|n⟩ ⟨n|X|m⟩
ϵn − ϵm + ω + iδ , (2.40)
ΛಘΔɻҰମͷݻ༗ঢ়ଶͱͯ͠ H(k) = e−ik·rHeik·r ͷݻ༗ঢ়ଶΛͱΔ৔߹ʹ͸ v(k) =
∂H(k)/∂kͱ͢Δ (࣍અͰࣔ͢)ɻ
2.2.2 Ԡ౴ͱରশੑ
ຊ߲Ͱ͸ɺԠ౴ʹදΕΔ࣌ؒ൓సରশੑͷҟͳΔد༩ʹ͍ͭͯٞ࿦͢Δɻຊ߲ͷཁ఺
͸ɺ(ࣜ 2.42)ͷୈೋ߲ͰX =M ͱͨ͠΋ͷ͕ిྲྀ༠ى࣓ԽΛ༩͑Δ͜ͱͰ͋Δɻి৔
ʹର͢ΔϕΫτϧྔX ͷԠ౴Λߟ͑Δɻి৔ͷ j ੒෼ʹΑΔX ͷ i੒෼ͷԠ౴͸
αXiEj (ω) = −i
∑
nm
fn − fm
ϵn − ϵm ·
XinmJ jmn
ϵn − ϵm + ω + iδ , (2.41)
ͱͳΔɻϵn͸ n൪໨ͷόϯυͷΤωϧΪʔɺfn͸ ϵnʹؔ͢ΔϑΣϧϛ෼෍ؔ਺ɺJ = ev
͸ిྲྀԋࢉࢠɺX(J )nm = ⟨n|X(J )|m⟩Ͱ͋Γɺ೾਺ͷఴࣈΛলུͨ͠ɻͳ͓ɺ͜ͷࣜ
͸ແݶখͷ δ ʹରͯ͠ಋ͔Ε͕ͨɺຊݚڀͰ͸ δ Λ༗ޮతͳࢄཚ཰ͱΈͳͯ͠༗ݶͷ஋Λ
༻͍Δɻω = 0ͷ৔߹Λߟ͑Δͱɺ
αXiEj (0) = −i
∑
nm
XinmJ jmn
(ϵn − ϵm)2 + δ2 (fn − fm)−
1
δ
∑
nm
XinmJ jmnf ′n, (2.42)
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ͱද͞ΕΔɻ͜͜Ͱɺ(fn − fm)/(En − Em) → ∂fn/∂En ≡ f ′n ͱͨ͠ɻ(ࣜ 2.42)ͷୈ
Ұ߲ͱୈೋ߲͸࣌ؒ൓సʹର͢Δۮح͕ҟͳΔɻ࣌ؒ൓స T Λ࡞༻͢ΔͱɺJ → −J
Ͱɺߦྻཁૉͷෳૉڞ໾ΛͱΔɻ(ࣜ 2.42)ͷୈҰ߲ɺୈೋ߲ΛͦΕͧΕ αEXiEj ,α
J
XiEj
ͱ
͢Δͱɺ
T αEXiEj = i
∑
nm
(T −1XT )imnJ jnm
(ϵn − ϵm)2 + δ2 (fn − fm), (2.43)
= i
∑
nm
(T −1XT )imnJ jnm
(ϵn − ϵm)2 + δ2 (fn − fm), (2.44)
= −i
∑
nm
(T −1XT )inmJ jmn
(ϵn − ϵm)2 + δ2 (fn − fm), (2.45)
= αE(T −1XT )Ej , (2.46)
T αJXiEj = −
1
δ
∑
nm
(T −1XT )imnJ jnmf ′n, (2.47)
= −1
δ
∑
nm
(T −1XT )inmJ jmnf ′n, (2.48)
= −αJ(T −1XT )Ej (2.49)
ͱͳΔɻి৔͸࣌ؒ൓సʹؔͯ͠ۮɺిྲྀ͸حͰ͋ΔͨΊɺୈҰ߲͸ి৔༠ىͷԠ౴ɺୈ
ೋ߲͸ిྲྀ༠ىͷԠ౴Ͱ͋Δͱղऍ͞ΕΔɻ࣮ࡍʹɺୈೋ߲͸ϑΣϧϛ໘߲Ͱ͋ΔͨΊɺ
ઈԑମͰ͸د༩͠ͳ͍ɻຊݚڀͰ͸X ͱ࣓ͯ͠ԽM Λߟ͑Δ͕ɺ͜Ε͸࣌ؒ൓సʹؔ
ͯ͠حͰ͋ΔͨΊɺୈҰ߲͸د༩͠ͳ͍ɻ͕ͨͬͯ͠ɺୈೋ߲͕ຊݚڀͰߟྀ͢Δిྲྀ༠
ى࣓ԽΛ༩͑Δɻ
2.3 ༌ૹݱ৅ͷ൒ݹయ࿦
ຊઅͰ͸அ೤ۙࣅɺ൒ݹయ࿦ʹجͮ͘يಓ࣓Խͷཧ࿦ʹ͍ͭͯઆ໌͢Δɻຊઅͷ಺༰
͸จݙ [57]ʹجͮ͘ɻຊઅͷཁ఺͸ɺيಓ࣓Խ͕ (ࣜ 2.67)Ͱ༩͑ΒΕΔ͜ͱͰ͋Δɻஅ
೤ۙࣅʹදΕΔॾʑͷ෺ཧྔͷ·ͱΊɺ൒ݹయ࿦ʹجͮ͘೾ଋͷӡಈͷجຊతͳੑ࣭ͷ
ಋग़͸෇࿥ Dʹه͠ɺ͜͜Ͱ͸ɺيಓ࣓ؾϞʔϝϯτɺيಓ࣓Խͷಋग़Λத৺ʹड़΂Δɻ
2.3.1અͰϒϩοϗঢ়ଶͷجຊྔʹ͍ͭͯ·ͱΊɺ2.3.2અͰϒϩοϗঢ়ଶ͔Β೾ଋΛߏ੒
͠ɺ2.3.3અͰيಓ࣓ԽΛܭࢉ͢Δɻ2.3.4અͰϘϧπϚϯۙࣅʹΑͬͯి৔ʹର͢Δيಓ
࣓ԽͷԠ౴ͷදࣜΛಋ͖ɺ࣓Խͷεϐϯ༝དྷͷد༩ͱيಓ༝དྷͷد༩ͷεέʔϧͷҧ͍ʹ
͍ͭͯઆ໌͢ΔɻຊઅͰ͸ɺ֎৔͕ͳ͍৔߹ͷ݁থӡಈྔΛ q, ࣌ؒʹͷΈґଘ͢ΔϕΫ
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τϧϙςϯγϟϧͰද͞ΕΔ֎৔͕͋Δ৔߹ͷɺήʔδෆมͳ݁থӡಈྔΛ k = q + eA
ͱ͢Δɻ
ϒϩοϗঢ়ଶͷجຊྔ
ɾϒϩοϗঢ়ଶ
݁থதͷ૬ޓ࡞༻͠ͳ͍ిࢠ͸࣍ͷϋϛϧτχΞϯͰද͞ΕΔɻ
H =
pˆ2
2m
+ V (r) (2.50)
͜͜ͰɺV (r + a) = V (r)͸جຊฒਐϕΫτϧ aͷपظΛ࣋ͭϙςϯγϟϧͰ͋Δɻϒ
ϩοϗͷఆཧ͔Βɺपظܥͷݻ༗ঢ়ଶ͸ ψnq(r+a) = eiq·aψnq(r) Λຬͨ͢ɻ͜͜Ͱɺn
͸όϯυͷΠϯσοΫεͰ q ͸݁থӡಈྔͰ͋Δɻq ʹґଘͨ͠ϋϛϧτχΞϯΛɺϢχ
λϦม׵
H(q) = e−iq·rHeiq·r =
(pˆ+ !q)2
2m
+ V (r) (2.51)
ʹΑΓఆٛ͢ΔɻH(q)ͷݻ༗ঢ়ଶ unq(r) = ψnqe−iq·r ͸ unq(r + a) = unq(r)ͷपظ
ੑΛ΋ͭɻԋࢉࢠ O ʹରͯ͠ O(q) = e−iq·rOeiq·r Ͱఆٛ͢Δͱɺ
⟨ψn,q|O|ψm,q⟩ = ⟨un,q|O(q)|um,q⟩ (2.52)
ͱͳΓɺ݁থதͷిࢠঢ়ଶ͸ |unq⟩Ͱද͞ΕΔɻ
ɾ଎౓ԋࢉࢠ
଎౓ԋࢉࢠ͸ v = −i/![r, H]Ͱ͋Δ͔Βɺ೾਺දࣔͰ
v(q) = − i!e
−iq·r[r, H]eiq·r, (2.53)
= e−iq·r
pˆ
m
eiq·r, (2.54)
=
1
m
(pˆ+ !q), (2.55)
=
∂H(k)
!∂q (2.56)
ͱද͞ΕΔɻి৔ԼͷόϯυͰͷظ଴஋͸ɺޙʹఆٛ͢ΔϕϦʔۂ཰ Ωn(k)Λ༻͍ͯ
vn(k) =
∂En(k)
!∂k +
1
!E ×Ωn(k) (2.57)
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ͱͳΔ (෇࿥ D)ɻୈೋ߲͸ҟৗ଎౓ͱݺ͹Εɺి৔ͱ௚ަ͢Δɻ
ɾҐஔԋࢉࢠ
ϒϩοϗঢ়ଶ |ψnq⟩ = eiq·r |unq⟩ʹ࡞༻͢ΔҐஔԋࢉࢠ͸
rˆ = i∇qδnm −Amn,q (2.58)
ͱ༩͑ΒΕΔ (෇࿥ D)ɻ͜͜ʹɺAmn,q = −i ⟨um,q|∇q|un,q⟩͸ϕϦʔҐ૬ͱݺ͹ΕΔɻ
ҎԼόϯυ nͷϕϦʔҐ૬ Aq = Ann,q ͷੑ࣭Λड़΂Δɻ෇࿥ Dʹࣔ͢Α͏ʹɺϕϦʔ
Ґ૬͸ήʔδม׵ |ψq⟩ → eiθq |ψq⟩ʹରͯ͠ Aq → Aq + i∇θq ͱม׵͢Δɻ͢ͳΘͪɺ
ϕϦʔҐ૬͸ήʔδʹґଘ͢Δɻ͜Ε͸ɺҐஔ r දࣔͰͷ೾ಈؔ਺ |ψr⟩ ͷήʔδม׵
|ψr⟩ → eiθr |ψr⟩ ʹରͯ͠ϕΫτϧϙςϯγϟϧA(r)͕Ar → Ar + i∇θr ͱม׵͢Δ
͜ͱͱྨࣅ͢Δɻి࣓ؾֶͰB = ∇×A͕ήʔδෆมͰ͋ͬͨΑ͏ʹ Ωq ≡ ∇q ×Aq
͸ήʔδෆมྔͰ͋ΔɻΩq ͸ϕϦʔۂ཰ͱݺ͹Εɺ༷ʑͳ༌ૹݱ৅ɺ೤ྗֶྔʹදΕΔɻ
ϕϦʔۂ཰͸
Ωnµν(q) = i
∑
m ̸=n
⟨unq|∂H(q)/∂qµ|umq⟩ ⟨umq|∂H(q)/∂qν |unq⟩ − (ν ↔ µ)
(ϵnq − ϵmq)2 (2.59)
ͱ΋ද͞ΕΔ (෇࿥ D)ɻ
೾ଋͷߏ੒
ຊ߲Ͱ͸࣌ؒɺۭؒมԽ͢Δ֎৔ԼͰ༗ޮͳ೾ଋͷඳ૾Λಋೖ͢ΔɻۭؒมԽ͢Δ֎৔Լ
Ͱ͸ q ͸ྑ͍ྔࢠ਺ͱ͸ͳΒͳ͍͕ɺ֎৔͕े෼ऑ͚Ε͹ɺҎԼͷΑ͏ʹϒϩοϗঢ়ଶ͔
Βߏ੒͞ΕΔ೾ଋ |W0⟩Λ༻͍ͯ෺ཧྔͷظ଴஋Λܭࢉ͢Δ͜ͱ͕Ͱ͖Δɻ
|W0⟩ =
∫
dqw(q, t) |ψn(q)⟩ (2.60)
͜͜Ͱɺ|ψn(q)⟩͸ϒϩοϗؔ਺ɺw(q, t)͸แབྷؔ਺Ͱ͋Δɻ͜ͷแབྷؔ਺ w(q, t)ʹର
ͯ࣍͠ͷ 2ͭͷཁ੥Λ͢Δɻ
(1) w(q, t)͸೾਺ۭؒͰӶ͍෼ࢄΛ࣋ͭɻ
͜ͷԾఆʹΑΓ೾ଋͷ೾਺ۭؒͰͷ೾ଋத৺ qc
qc =
∫
dqq|w(q, t)|2 (2.61)
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Λ೾ଋͷม਺ͱͯ͠ද͢͜ͱ͕Ͱ͖Δɻ࠷௿࣍Ͱ͸ |w(q, t)|2 ͸ δ(q− qc)ͱۙࣅ͞ΕΔɻ
͜ͷۙࣅʹΑΓ q ͷ೚ҙͷͳΊΒ͔ͳؔ਺ f(q)ʹ͍ͭͯ∫
dqf(q)|w(q, t)|2 ∼ f(qc) (2.62)
ͱͳΔɻҎԼ͜ͷۙࣅΛ༻͍ɺqc Λม਺ͱ͢Δ͕ɺఴࣈ cΛলུͯ͠ q ͱه͢ɻ
(2) ೾ଋ͸࣮ۭؒͰ࣭ྔத৺ rc = ⟨W0|r|W0⟩ͷपΓʹہࡏ͍ͯ͠Δɻ
rˆ = i∇q −An Λ୅ೖ͢Δͱɺrc ͸࠷௿࣍ͷۙࣅͰɺ
rc = − ∂
∂qc
argw(qc, t) +Anqc (2.63)
ͱද͞ΕΔɻ͜͜ͰɺAnq = i ⟨un(q)|∇q|un(q)⟩͸ n൪໨ͷόϯυͷϕϦʔ઀ଓͰ͋Δɻ
͜͜Ͱͷہࡏ͸ (1)ΑΓ΋ऑ͍৚݅Ͱɺσϧλؔ਺తͳৼΔ෣͍͸Ծఆͤͣɺ࣮ۭؒͰ༗
ݶͷ෯Λ࣋ͭɻ
يಓ࣓Խ
ɾيಓ࣓ؾϞʔϝϯτ
೾ଋ͸࣮ۭؒͰ༗ݶͷ෯Λ࣋ͭͨΊɺ೾ଋͷத৺पΓͰࣗݾճస͢Δ৔߹͕͋Γɺ͜Ε͕
يಓ࣓ؾϞʔϝϯτΛ༩͑Δɻ͢ͳΘͪɺيಓ࣓ؾϞʔϝϯτm(q)͕
m(q) =
e
2
⟨W0|(r − rc)× v|W0⟩
= −i e
2! ⟨∇qu|× [H(q)− ϵ(q)]|∇qu⟩ (2.64)
ͱಘΒΕΔɻ(ৄࡉ͸෇࿥ D) ͜͜Ͱɺv = ∂H(q)/!∂q ͸଎౓ԋࢉࢠɺH(q) =
e−iq·rHeiq·r Ͱ͋Δɻ͜͜ͰಘΒΕͨيಓ࣓ؾϞʔϝϯτ͸೾ଋͷܗ΍αΠζͳͲͷৄ
ࡉʹΑΒͳ͍ɺόϯυࣗ਎ͷ಺Ҽత෺ཧྔͰ͋Δɻ
ɾيಓ࣓Խ
͜͜Ͱ͸ɺيಓ࣓Խ er × pͷ೾ଋঢ়ଶͰͷظ଴஋Λܭࢉ͢Δɻيಓ࣓Խʹ͸͢Ͱʹड़΂
ͨيಓ࣓ؾϞʔϝϯτͷ೤ྗֶతฏۉҎ֎ʹɺ೾ଋத৺ͷӡಈͷد༩͕͋Δɻৄࡉ͸෇࿥
Dʹࣔ͠ɺ͜͜Ͱ͸ɺ݁ՌͷΈΛड़΂Δɻيಓ࣓ԽM ͸
M =
∫
dq
(2π)3
f(q)m(q) +
e
!β
∫
dq
(2π)3
Ω(q) ln
(
1 + e−β(ϵ(q)−µ)
)
(2.65)
Ͱ༩͑ΒΕΔɻβ = 1/kBT ͸ٯԹ౓ɺkB ͸ϘϧπϚϯ܎਺Ͱ͋ΔɻୈҰ߲͸ɺ೾ଋத৺
ͷࣗݾճసʹΑΔد༩ɺୈೋ߲͸೾ଋͷॏ৺ӡಈʹΑΔد༩Ͱ͋Δ (ਤ 2.2)ɻ
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ਤ 2.2: ిՙத৺ (rc, qc) ͷ೾ଋͷΠϝʔδਤɻيಓ࣓Խʹ͸೾ଋͷࣗݾճసͱ೾ଋத৺
ͷڊࢹతӡಈ͔Βͷد༩͕͋Δɻ[57]ΑΓసࡌɻ
ిྲྀ༠ىيಓ࣓Խ
͜͜Ͱ͸ɺి৔ʹର͢Δيಓ࣓ԽͷԠ౴ΛݹయۙࣅͷൣғͰٻΊΔɻ·ͨɺ؆୯ͳ 2
όϯυϞσϧͰ۩ମతʹܭࢉ͢Δ͜ͱͰɺيಓ࣓Խͱεϐϯ࣓ԽʹҟͳΔεέʔϧҼࢠ
͕දΕΔ͜ͱΛݟΔ [48]ɻ؆୯ͷͨΊઈରྵ౓ͷ৔߹Λߟ͑Δɻيಓ࣓Խ͸ (ࣜ 2.65)Ͱ
T = 0ͱͯ͠
M =
∫
dk
(2π)3
f(ϵk){m(k) + e! (ϵF − ϵk)Ω} (2.66)
ͱද͞ΕΔɻి৔ΛҹՃͨ͠ͱ͖ͷ෼෍ؔ਺ΛϘϧπϚϯۙࣅͰ f(ϵk) = f (0)(ϵk) +
eτE · vkf (0)′ ͱ͢Δɻf (0) ͸֎৔͕ͳ͍ฏߧঢ়ଶͰͷϑΣϧϛ෼෍ؔ਺ɺϵF ͸ϑΣϧϛ
ΤωϧΪʔɺτ ͸؇࿨࣌ؒͰ͋ΔɻόϯυΠϯσοΫεΛলུͨ͠ɻ࣌ؒ൓సରশੑ͕͋
Δ৔߹ʹ͸ɺฏߧঢ়ଶͷ෼෍ؔ਺ f (0) ͷ߲͸د༩͠ͳ͍ɻ͕ͨͬͯ͠ɺి৔ҹՃʹΑΔي
ಓ࣓Խ͸
M =
∫
dk
(2π)3
f (0)′(ϵk){m(k) + e! (ϵF − ϵk)Ω}vk ·E (2.67)
ͱͳΔɻຊݚڀͰ͸ɺ͜ͷදࣜΛ༻͍ͯيಓ࣓ԽΛܭࢉ͢Δɻୈೋ߲͸ ϵF − ϵk ͕ϑΣϧ
ϛ໘্Ͱ 0ͱͳΔͨΊɺઈରྵ౓Ͱ͸د༩͠ͳ͍ɻ
͜͜Ͱɺيಓ࣓ԽͷৼΔ෣͍ΛݟΔͨΊεϐϯيಓ૬ޓ࡞༻ΛؚΉ 2όϯυϞσϧʹର
ͯ͜͠ΕΛܭࢉͯ͠ΈΔɻϋϛϧτχΞϯ͸ɺεϐϯۭؒʹ࡞༻͢Δύ΢ϦߦྻΛ σ ͱ
ͯ͠
H(k) =
!2k2
2m
σ0 + λk · σ (2.68)
ͱ͢Δɻλ߲͕εϐϯيಓ૬ޓ࡞༻Ͱۭؒ൓సରশੑΛഁ͍ͬͯΔɻ2όϯυϞσϧʹର
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͢ΔҰൠࣜ (෇࿥D)Λ༻͍ͯيಓ࣓ؾϞʔϝϯτmorbɺεϐϯ࣓ؾϞʔϝϯτmspin ͸
morb± = −
e
!
k
2|k|2 , (2.69)
mspin± = ∓µB
k
2|k| sgn(λ) (2.70)
ͱͳΔɻλ߲ʹΑͬͯϑΣϧϛ໘͸ 2ͭʹ෼྾͠ɺεϐϯʹΑΔ࣓ؾϞʔϝϯτ͸ 2ͭͷ
ϑΣϧϛ໘Ͱٯූ߸ɺيಓ࣓ؾϞʔϝϯτ͸ಉූ߸Ͱ͋ΔɻMz = αzzEz Ͱఆٛ͞ΕΔɺ
z ํ޲ͷి৔ʹର͢Δ z ํ޲ͷ࣓ԽͷԠ౴ؔ਺ αzz ΛٻΊΔɻεϐϯ͔Βͷد༩ αspinɺ
يಓ࣓ԽʹΑΔد༩ αorb ͸
αspinzz = −
8
3
µB
eτ
(2π)2!
mλ
!2
√
m2λ2
!4 +
2mϵF
!2 , (2.71)
αorbzz =
4
3
µB
eτ
(2π)2!
mλ
!2
√
m2λ2
!4 +
2mϵF
!2 (2.72)
ͱͳΔɻ(ৄࡉ͸෇࿥ D) εϐϯɺيಓ࣓ԽʹΑΔد༩͸ಉ͡ఔ౓ͷେ͖͞Ͱٯ޲͖ͷد
༩Λ͍ͯ͠Δ͜ͱ͕Θ͔ΔɻҰൠʹ͸ɺԠ౴ؔ਺ αspin ͱ αorb ͷεέʔϧ͸େ͖͘ҟͳ
ΔՄೳੑ͕͋Δɻεϐϯ࣓ؾϞʔϝϯτ͸໛ܕͷৄࡉʹΑΒͣϘʔΞ࣓ࢠ µB = e!/2me
͕جຊ୯ҐͱͳΔɻ͜͜Ͱɺme ͸ిࢠͷ࣭ྔͰ͋Δɻيಓ࣓ؾϞʔϝϯτͷجຊ୯Ґ
͸ܥͷΤωϧΪʔɺ௕͞ͷجຊ୯Ґʹґଘ͠ɺڧଋറ໛ܕͰ͸ϗοϐϯάΤωϧΪʔ
tɺ֨ࢠఆ਺Λ a Λ༻͍ͯ eta2/! ͕يಓ࣓ؾϞʔϝϯτͷجຊ୯ҐͱͳΔɻ྆ऀͷൺ͸
morb/mspin = 2mea2t/!2 = 2(mec2)ta2/(!c)2 ͱͳΔɻmec2 = 500 keV, !c = 2 keV
A˚Ͱ͋Γɺ໛ܕͷύϥϝʔλΛ t ∼ 2 eV, a ∼ 10 A˚ͱ͢Δͱɺmorb/mspin ∼ 50 ͱͳΓɺ
يಓ࣓ؾϞʔϝϯτͷεέʔϧ͕ 10 ∼ 100ഒఔ౓େ͖͘ͳΓಘΔɻ
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ୈ 3ষ
Γ8໛ܕ
ຊষͰ͸਺஋ܭࢉʹ༻͍Δ໛ܕΛಋೖ͢Δɻ3.1અͰڧଋറۙࣅ͔Β Γ8 ໛ܕΛߏ੒͠ɺ
3.2અͰ͜ͷ໛ܕ͕࣋ͭଟۃࢠϞʔϝϯτʹ͍ͭͯઆ໌͢Δɻ
3.1 ڧଋറ໛ܕ
ຊઅͰ͸ہࡏϞʔϝϯτͷ Γ3 ࣗ༝౓ͱ݁߹͢Δɺ఻ಋిࢠͷ Γ8 ໛ܕΛಋೖ͢Δɻຊ
અͰѻ͏఻ಋిࢠܥͱہࡏϞʔϝϯτͱͷ૬ޓ࡞༻ʹ͍ͭͯ͸ୈ 5ষͰड़΂Δɻ
1.2 અͰड़΂ͨΑ͏ʹ f2 ిࢠͷ݁থ৔جఈ͕ Γ3 ࣗ༝౓Λ΋ͭ৔߹ɺΓ8 ࣗ༝౓ͷ఻ಋ
ిࢠͱࠞ੒Ͱ͖Δɻ͜͜Ͱ͸ɺΓ8 ࣗ༝౓Λ΋ͭ୯७ͳ໛ܕͱͯ͠ɺp ిࢠ͔Βڧଋറۙ
ࣅ໛ܕΛߏ੒͠ɺεϐϯيಓ݁߹ λL · S ͕े෼େ͖͍ͱͯ͠ɺJ = 3/2ͷ෦෼ۭؒͷΈ
Λѻ͏ɻJ = 3/2 ͸ཱํରশͰ Γ8 දݱͱͳΔɻΓ8 ࣗ༝౓͸௚ੵ Γ8 = Γ3 ⊗ Γ6 ͱද͢
͜ͱ͕Ͱ͖ɺ|Jz| = 3/2, 1/2͕ Γ3ɺJz ͷූ߸͕ Γ6 ࣗ༝౓ͱͳΔɻ(|−3/2⟩ , |1/2⟩)ٴͼ
(|3/2⟩ , |−1/2⟩) ͕ Γ3ɺ(|−3/2⟩ , |3/2⟩) ٴͼ (|1/2⟩ , |−1/2⟩) ͕ Γ6 ࣗ༝౓ͷجఈͱͳΔ
(|Jz⟩ ͸ J = 3/2 ͷجఈͰ͋Δ)ɻϗοϐϯάͱ෦෼ۭؒ΁ͷࣹӨͷܭࢉͷৄࡉ͸෇࿥ E
ʹ༩͑ɺ͜͜Ͱ͸ͦͷ݁ՌΛه͢ɻୈࡾۙ઀·ͰͷϗοϐϯάΛؚΉ Γ8 Ϟσϧͷϋϛϧ
τχΞϯ͸ҎԼͰ༩͑ΒΕΔɻ
Hcon =
∑
k,nm
a†mkH(k)mnank (3.1)
H(k) =(Ekτ0σ0 + η′k · στy + dk · τσ0)γ0
+(∆Rek τ
0σ0 + ηRek · στy + d′Rek · τσ0)γx
+(∆Imk τ
0σ0 + ηImk · στy + d′Imk · τσ0)γy (3.2)
͜͜Ͱɺa(†)nk ͸يಓදࣔͷফ໓ (ੜ੒)ԋࢉࢠɺσ͸ Γ6 ࣗ༝౓ɺτ ͸ Γ3 ࣗ༝౓ɺγ ͸෭֨
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ࢠࣗ༝౓ʹ࡞༻͢Δύ΢ϦߦྻͰ͋Γɺm,n͸୯Ґ๔͋ͨΓͷ 2× 2× 2 = 8ࣗ༝౓ͷ࿨
ΛऔΔɻτ ,σ ͸ɺjz ͷݻ༗ঢ়ଶ |jz⟩Λ༻͍ͯ
τz = |−3
2
⟩ ⟨−3
2
|+ |3
2
⟩ ⟨3
2
|− |1
2
⟩ ⟨1
2
|− |−1
2
⟩ ⟨−1
2
| , (3.3)
τx = |−3
2
⟩ ⟨1
2
|+ |3
2
⟩ ⟨−1
2
|+ h.c., (3.4)
τy = −i(|−3
2
⟩ ⟨1
2
|− |3
2
⟩ ⟨−1
2
|) + h.c., (3.5)
σz = |−3
2
⟩ ⟨−3
2
|− |3
2
⟩ ⟨3
2
|+ |1
2
⟩ ⟨1
2
|− |−1
2
⟩ ⟨−1
2
| , (3.6)
σx = |−3
2
⟩ ⟨3
2
|+ |1
2
⟩ ⟨−1
2
|+ h.c., (3.7)
σy = −i(|−3
2
⟩ ⟨3
2
|− |1
2
⟩ ⟨−1
2
|) + h.c., (3.8)
ͱද͞ΕΔɻγ ͷجఈ͸෭֨ࢠ A(0, 0, 0)Λ ↑ɺB(1/4, 1/4, 1/4)Λ ↓ͱͨ͠ɻ೾਺ґଘੑ
Λ࣋ͭ܎਺͸ҎԼͰ༩͑ΒΕΔɻ
∆k =
4
3
(t[111]ppσ + 2t
[111]
ppπ )e
−i kx+ky+kz4
(
cxcycz − isxsysz
)
, (3.9)
ηµk = − 4
3
√
3
(t[111]ppσ − t[111]ppπ )e−i
kx+ky+kz
4
(
cµsνsρ − isµcνcρ
)
, (3.10)
η′µk = −
2√
3
(t[110]ppσ − t[110]ppπ ) sin
kν
2
sin
kρ
2
, (3.11)
ϵµk = (t
[110]
ppσ + t
[110]
ppπ ) cos
kµ
2
(cos
kν
2
+ cos
kρ
2
) + 2t[110]ppπ cos
kν
2
cos
kρ
2
, (3.12)
Ek = 2
3
(ϵx + ϵy + ϵz), (3.13)
dk = (dx, dz) =
1
3
(
√
3(−ϵx + ϵy), ϵx + ϵy − 2ϵz), (3.14)
η′′µk = −
4
11
√
3
(t[113¯]ppσ − t[113¯]ppπ )
(
(c′µsνsρ + is
′
µcνcρ),
+ 3(cµsνs
′
ρ + isµcνc
′
ρ + (ν ↔ ρ) )
)
, (3.15)
ϵ′µk =
1
22
(9t[113¯]ppσ + t
[113¯]
ppπ )(c
′
µcνcρ + is
′
µsνsρ),
+
1
22
(t[113¯]ppσ + 9t
[113¯]
ppπ )(cµcνc
′
ρ + isµsνs
′
ρ + (ν ↔ ρ) ), (3.16)
∆′k =
2
3
(ϵ′x + ϵ
′
y + ϵ
′
z), (3.17)
d′k = (d
′
x, d
′
z) =
1
3
(
√
3(−ϵ′x + ϵ′y), ϵ′x + ϵ′y − 2ϵ′z). (3.18)
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͜͜Ͱɺcµ = cos(kµ/4)ɺc′µ = cos(3kµ/4), (µ, ν, ρ) = (x, y, z), (y, z, x), (z, x, y)ɺ
t[111]ppσ , t
[111]
ppπ ͸࠷ۙ઀ɺt
[110]
ppσ , t
[110]
ppπ ͸࣍࠷ۙ઀ɺt
[113¯]
ppσ , t
[113¯]
ppπ ͸࣍ʑ࠷ۙ઀ϗοϐϯάͷ
εϨʔλʔɾίελʔύϥϝʔλͰ͋Γɺ֨ࢠఆ਺Λ 1 ͱͨ͠ɻηImk ͸ k ͷحؔ਺Ͱ͋
Γɺ൓ڧ࢛ۃࢠடংԼͰ͜ͷ߲ʹ༝དྷͯ͠όϯυ͕ײ͡Δ༗ޮεϐϯيಓ૬ޓ࡞༻͕ੜ͡
Δ (෇࿥ E)ɻkʹґଘ͢Δ܎਺͸ҎԼͷΑ͏ʹ఺܈ Oh ͷط໿දݱʹଐ͢Δɻ*1
A+1g E
+
g T
+
2g A
−
2u E
−
u T
−
1u
E ,∆Re {dz, dx}, {d′Rez , d′Rex } {ηRex,y,z}, {η′x,y,z} ∆Im {d′Imx , d′Imz } {ηImx,y,z}
͜͜Ͱɺ্෇͖ఴࣈ͸࣌ؒ൓సͷۮحΛද͢ɻ֤ύ΢Ϧߦྻ͸ҎԼͷΑ͏ʹط໿දݱʹଐ
͢Δɻ
A+1g A
+
2u A
−
2u A
−
2g E
+
g T
−
1g
γx γz γy τy {τx, τz} σ
(ࣜ 3.1)Ͱ͸֤ύ΢Ϧߦྻͱͦͷ܎਺͕ಉ͡ط໿දݱͱͳ͓ͬͯΓɺ֤߲͕શରশදݱͱ
ͳ͍ͬͯΔɻ
3.2 ଟۃࢠϞʔϝϯτ
ຊઅͰ͸ɺલઅͰಋೖͨ͠ϋϛϧτχΞϯ͕΋ͭଟۃࢠϞʔϝϯτʹ͍ͭͯड़΂Δɻ
લઅͰఆٛ͞Εͨύ΢Ϧߦྻͱશ֯ӡಈྔʹ͸ҎԼͷؔ܎͕͋Δɻ
Jx = σ
x
(1
2
− 1
2
τz +
√
3
2
τx
)
, (3.19)
Jy = σ
y
(1
2
− 1
2
τz −
√
3
2
τx
)
, (3.20)
Jz = −σz
(1
2
+ τz
)
. (3.21)
σ, τ ͔Β 4 × 4 = 16 ݸͷଟۃࢠϞʔϝϯτ͕ಘΒΕΔɻిؾ୯ۃࢠΛআ͘ଟۃࢠͷ
ط໿දݱͱύ΢Ϧߦྻͷؔ܎͸ҎԼͷΑ͏ʹͳΔ*2ɻ͜͜Ͱɺξ± = − 12 (τx ±
√
3τz),
η± = 12 (±
√
3τx − τz) Ͱ͋Δɻ
*1 ֤αΠτͷہॴ఺܈͸ Td Ͱ͋Γɺۭؒ܈ͷରশૢ࡞͸ Td ͷରশૢ࡞ 24 ݸͱͦΕʹۭؒ൓సͱ
(1/4, 1/4, 1/4) ͷฒਐΛͨ͠શ 48 ݸ (ٴͼجຊฒਐͷੵ) Ͱ͋Δɻฒਐ෦෼Λআ͘ͱ Oh ͷରশૢ࡞ͱ
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Jx Jy Jz O20 O22 Oyz Ozx Oxy Txyz T 4ux T
4u
y T
4u
z T
5u
x T
5u
y T
5u
z
σx σy σz τz τx τyσx τyσy τyσz τy η+σx η−σy τzσz ξ+σx ξ−σy τxσz
ຊݚڀͰ͸ɺ఻ಋిࢠͷ࢛ۃࢠϞʔϝϯτ τx,z ͕ہࡏϞʔϝϯτͱ૬ޓ࡞༻͢Δ࢛ۃ
ࢠۙ౻֨ࢠ໛ܕΛฏۉ৔ۙࣅʹΑΓղੳ͢Δɻ໛ܕͷৄࡉͱฏۉ৔ۙࣅʹΑΔղੳʹ͍ͭ
ͯ͸ୈ 5ষʹه͠ɺઌʹୈ 4ষͰ൓ڧ࢛ۃࢠடংΛԾఆͯ͠டংม਺Λύϥϝʔλʔͱ͠
ͯ༩͑ͨ৔߹ͷόϯυߏ଄ͱిؾ࣓ؾޮՌʹ͍ͭͯٞ࿦͢Δɻฏۉ৔૬ޓ࡞༻ͷ͏ͪɺ఻
ಋిࢠʹؔ͢Δ෦෼͸
HMFcon = JQ
∑
k
∑
µν
∑
mn
⟨Qµγ˜ν⟩(τµγν)mna†mkank (3.22)
ͱͳΔ (ৄࡉ͸ୈ 5ষ)ɻ͜͜ͰɺQµ ͸ہࡏ࢛ۃࢠϞʔϝϯτɺγ˜ ͸ہࡏϞʔϝϯτͷ෭
֨ࢠࣗ༝౓ʹ࡞༻͢Δύ΢Ϧߦྻɺµ = (x, z), ν = 0, zɺJQ ͸૬ޓ࡞༻ͷ܎਺Ͱ͋Δɻ
ୈ 4ষͰ͸ɺJQ⟨Qµγ˜z⟩Λύϥϝʔλʔͱͯ͠༩͑Δɻ
Ұக͢Δɻ
*2 J,O, T ͸ͦΕͧΕ࣓ؾ૒ۃࢠɺిؾ࢛ۃࢠɺ࣓ؾീۃࢠΛද͢ɻJx,y,z ͱ T 4ux,y,z ͸ Oh ͷಉ͡ط໿ද
ݱ T−1g ʹଐ͢ΔͨΊ݁থதͰ͸۠ผ͞Εͳ͍ɻ͜͜Ͱ͸ɺදه͕؆୯ʹͳΔΑ͏ʹ σ ͱ J ΛରԠ෇͚ͯ
هࡌ͕࣮ͨ͠ࡍͷ֯ӡಈྔ͸ (ࣜ 3.19-3.21)Ͱ༩͑ΒΕΔɻ
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ୈ 4ষ
ిؾ࣓ؾޮՌͷ݁Ռ
ຊষͰ͸ɺ൓ڧ࢛ۃࢠடংΛԾఆͯ͠டংม਺ ∆ ≡ JQ⟨Qµγ˜z⟩(ࣜ 3.22) Λύϥϝʔ
λʔͱͯ͠༩͑ɺόϯυߏ଄ٴͼిؾ࣓ؾޮՌΛܭࢉ͢Δɻ4.1 અͰόϯυߏ଄ʹ͍ͭ
ͯɺ4.2અͰిؾ࣓ؾԠ౴ʹ͍ͭͯઆ໌͢ΔɻҎԼɺຊ࿦จΛ௨ͯ͠ɺ࠷ۙ઀ϗοϐϯά
t111ppσ = 1ΛΤωϧΪʔͷ୯Ґͱ͢Δɻ
4.1 όϯυߏ଄
ຊઅͰ͸ɺલষͰಋೖͨ͠໛ܕͷ਺஋ܭࢉͰಘΒΕͨόϯυߏ଄ʹ͍ͭͯड़΂ΔɻҎ
ԼɺຊষͰ͸ɺϗοϐϯάύϥϝʔλʔ͸ҎԼͷ 2 ͭͷύϥϝʔλʔΛ༻͍Δɻ
No. t111ppσ t
111
ppπ t
110
ppσ t
110
ppπ t
113
ppσ t
113
ppπ
1 1 −0.3 0.5 −0.15 0.1 −0.03
2 1 −0.3 0.08 −0.024 0 0
ද 4.1: ຊݚڀͰ༻͍Δϗοϐϯάύϥϝʔλʔɻ
ୈҰϒϦϧΞϯκʔϯͱͦͷߴରশ఺Λਤ 4.1 ʹɺύϥϝʔλʔ No. 1 Ͱடং͕ͳ͍
ঢ়ଶͰͷόϯυߏ଄Λਤ 4.2ʹࣔ͢ɻܥ͸࣌ؒ൓సɺۭؒ൓సରশੑΛ΋ͭͨΊɺ೚ҙͷ
೾਺Ͱόϯυ͸ΫϥϚʔεॖୀΛ͍ͯ͠ΔɻΓ఺Ͱ͸ 4ॏॖୀͰ෇ۙͰͷ෼ࢄ͸ೋ࣍తɺ
X(Y,Z)఺Ͱ͸ 4ॏॖୀͰ͋Γɺ෇ۙͰͷ෼ࢄ͸ xํ޲ʹೋ࣍ɺଞͷํ޲ʹ͸Ұ࣍Ͱ͋Δɻ
෼ࢄͷ࠷খɺ࠷େ͸κʔϯ୺ (L఺)ʹ͋Δɻ
࣍ʹ (ࣜ 3.22)ͷடংม਺ΛೖΕͨ৔߹ͷ෼ࢄΛࣔ͢ɻਤ 4.3͸ύϥϝʔλʔ No. 1ʹ
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WW
K
Γ
L
Z
Xkx
kz
ky
ਤ 4.1: ໘ ৺ ཱ ํ ֨ ࢠ ͷ ϒ Ϧ
ϧ Ξ ϯ κ ʔ ϯ ɻߴ ର শ ఺ ͸
X(2π, 0, 0)ɺW (2π,π, 0)ɺL(π,π,π)ɺ
K(3π/2, 3π/2, 0)ɺU(2π,π,π) Ͱ ͋ Δ
(֨ࢠఆ਺Λ 1ͱͨ͠)ɻ
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ਤ 4.2: ύϥϝʔλʔ No. 1 Ͱடং͕ͳ
͍৔߹ͷόϯυߏ଄ɻ
খ͍͞டং∆ ≡ JQ⟨Qµ⟩γz = 0.05ΛՃ͑ͨ৔߹ɺਤ 4.4͸ No. 1ʹେ͖͍டং∆ = 2.0
ΛՃ͑ͨ৔߹ͷ෼ࢄΛࣔ͢ɻடংͱͯ͠൓ڧ O22(µ = x)டংͱڧ O20(µ = z)டংΛߟ
ྀͨ͠ɻΓ ఺Ͱ͸ڧடং (FQ) ͷΈॖୀׂ͕ΕɺX ఺Ͱ͸൓ڧடং (AFQ) ͷΈׂΕΔɻ
͜ͷͨΊɺΓ఺पลͰ͸ FQͷํׂ͕Ε͕େ͖͘ɺκʔϯ୺෇ۙͰ͸ AFQͷํׂ͕Ε͕
େ͖͍ɻ͜ͷ͜ͱ͔ΒɺϑΟϦϯά͕ඇৗʹখ͍͞৔߹ʹɺAFQͷํ͕఻ಋిࢠͷΤω
ϧΪʔ͕௿͘ͳΔɻ
ҎԼͰ͸ɺ൓ڧ O22 Ϟʔϝϯτ (AFQx)ͱدੜ͢Δڧత O20 Ϟʔϝϯτ (FQz)͕டং
͢Δ৔߹ʹੜ͡ΔϫΠϧ఺ʹ͍ͭͯड़΂Δɻਤ 4.5ʹ͸ϫΠϧ൒ۚଐʹ͍ۙۚଐঢ়ଶͰͷ
όϯυ෼ࢄΛࣔ͢ɻ੨ઢ͸ϫΠϧ൒ۚଐʹۙ͘ͳΔ৔߹ͷϑΣϧϛΤωϧΪʔͰ͋Δɻ͜
ͷύϥϝʔλͰͷಛ௃తͳిؾ࣓ؾޮՌͷৼΔ෣͍Λ 4.2અʹड़΂Δɻடংม਺͕ AFQx
ͷΈͷ৔߹ʹ͸ɺΓ఺ͰσΟϥοΫ෼ࢄͱͳΔ (ৄࡉ͸෇࿥ F)ɻدੜ͢Δ FQzʹΑͬͯ
͜ͷσΟϥοΫ෼ࢄ͸ׂΕɺ̎ͭͷϫΠϧ఺ͱͳΓɺߴΤωϧΪʔͷϫΠϧ෼ࢄͱ௿Τω
ϧΪʔͷϫΠϧ෼ࢄ͸༗ݶ೾਺Ͱަࠩ͠৽ͨͳϫΠϧ఺ͱͳΔ (ਤ 4.6)ɻަࠩ͢Δ৚݅ͳ
Ͳͷৄࡉ͸෇࿥ FʹɺϫΠϧ఺෇ۙͷ෼ࢄΛ෇࿥ GͰड़΂Δɻ
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ਤ 4.3: ύϥϝʔλʔ No. 1 ʹடংʹΑ
Δฏۉ৔૬ޓ࡞༻ ∆ = 0.05 ΛՃ͑ͨ৔
߹ͷόϯυߏ଄
-4
-3
-2
-1
 0
 1
 2
 3
 4
Γ Z W L Γ K X W
E
AFQx
FQz
ਤ 4.4: ύϥϝʔλʔ No. 1 ʹடংʹΑ
Δฏۉ৔૬ޓ࡞༻ ∆ = 2ΛՃ͑ͨ৔߹ͷ
όϯυߏ଄
-3
-2
-1
 0
 1
 2
 3
Γ Z W L Γ K X W
E
ਤ 4.5: ύϥϝʔλʔNo. 2Ͱɺ∆AFQx =
1,∆FQz = 0.05ͷόϯυߏ଄ɻ੨ઢ͸ϫ
Πϧ൒ۚଐʹۙ͘ͳΔ৔߹ͷϑΣϧϛΤ
ωϧΪʔͰ͋Δɻ
ਤ 4.6: Γ఺෇ۙΛ֦େͨ͠෼ࢄਤɻΓ఺
ͱͦͷۙ๣ʹϫΠϧ఺͕ੜ͡Δɻ
4.2 ిؾ࣓ؾԠ౴
ຊઅͰ͸ɺ൓ڧ࢛ۃࢠடংԼͰͷిؾ࣓ؾԠ౴ͷղੳ݁Ռʹ͍ͭͯड़΂Δɻ͜͜Ͱ͸ɺ
Mi = αijEj = βijJj Ͱఆٛ͞ΕΔɺి৔ E ʹର͢Δ࣓ԽM ͷ܎਺ αٴͼిྲྀ J ʹର
͢Δ܎਺ β Λࣔ͢ɻيಓ࣓ԽʹΑΔد༩͸ (ࣜ 2.67)Λɺݪࢠيಓͷ֯ӡಈྔʹΑΔد༩
͸ (ࣜ 2.42)ͰX = gJµBJ ͱͨ͠΋ͷΛ༻͍Δɻ͜͜ͰɺgJ ͸ϥϯσͷ̶ҼࢠͰ͋Δɻ
38
-0.006
-0.004
-0.002
 0
 0.002
 0.004
 0.006
 0.008
[001] [100] [110] [001]
O22
O20
α
 /(
e2
tτ/
h-2
)
α||
α||
ਤ 4.7: ిྲྀํ޲ʹੜ͡Δ࣓Խͷ܎਺ α∥ ͷిྲྀํ޲ґଘੑɻ൓ڧ࢛ۃࢠடংͷடংม਺
͸ OAF22 (ࢵ)ɺO
AF
20 (྘)Ͱ͋Δɻ
ҎԼɺຊઅΛ௨ͯ͠Թ౓͸ T = 0.01Ͱ͋Γɺੵ෼͸ϒϦϧΞϯκʔϯΛ 256× 256× 256
ݸʹ෼ׂͯ͠࿨ΛͱͬͨɻҎԼɺஅΒͳ͍ݶΓɺϗοϐϯάύϥϝʔλ͸ No. 1Ͱ͋Δɻ
4.2.1 ిྲྀ༠ى࣓Խͷҟํੑ
·ͣɺిྲྀ༠ى࣓Խͷํ޲ґଘੑʹ͍ͭͯड़΂Δɻਤ 4.7 ͸ ∆ = 1ɺµ = −0.6Ͱɺి
ྲྀͱฏߦํ޲ʹੜ͡Δిྲྀ༠ىيಓ࣓Խͷి৔ʹର͢Δ܎਺ α∥ ͷిྲྀํ޲ґଘੑͰ͋
ΔɻOAF20 டংม਺ͷ৔߹ɺڸө σ
110 ͕ରশૢ࡞Ͱ͋ΔͨΊɺx = y ໘಺ͷిྲྀʹؔͯ͠
࣓Խ͸ੜ͡ͳ͍ɻOAF22 டংม਺ͷ৔߹ɺ{C1102 |b}͕ରশૢ࡞Ͱ͋ΔͨΊɺ*1xy ໘಺ͰҰ
ఆͰ͋Δɻ[001]ํ޲Ͱ O22 டংͷ৔߹ʹ͸ઈର஋͕࠷େͱͳΓɺO20 டংͷ৔߹ʹ͸ফ
͑Δɻ͜Ε͸ɺ2.1અͰͷҰൠ࿦ͱ੔߹͢Δɻ͜Ε͸ܥͷରশੑΛ൓ө͍ͯ͠ΔͨΊɺ֯
ӡಈྔ J ͷԠ౴ʹؔͯ͠΋ಉ͡ҟํੑΛࣔ͠ɺ·ͨɺύϥϝʔλͷৄࡉʹ΋ΑΒͳ͍ɻ͜
ͷҟํੑΛଌఆ͢Δ͜ͱͰ൓ڧ࢛ۃࢠͷடংม਺Λಉఆ͢Δ͜ͱ͕Ͱ͖Δɻ͜Ε͕ɺຊݚ
ڀͷओཁͳ݁ՌͰ͋Δɻ
ੜ͡Δ࣓Խͷେ͖͞ٴͼͦͷଞͷ݁ՌͷৄࡉΛٞ࿦͢ΔલʹɺిྲྀʹΑ࣓ͬͯԽ͕ੜ͡
Δ௚ײతͳཧ༝Λߟ࡯͢Δɻਤ 4.8(a)ʹ OAF22 டংԼͰͷిՙ෼෍Λ zํ޲͔ΒݟͨਤΛ
ࣔ͢ɻਤத਺ࣈ͸ z࠲ඪΛɺ৭͸ిՙͷਖ਼ෛΛද͢ɻz࣠ਖ਼ͷ޲͖ʹԊͬͯಉ͡ූ߸Λͨ
ͲΔͱӈճΓɺࠨճΓͷΒͤΜߏ଄ͱͳ͍ͬͯΔɻ఻ಋిࢠ͸͜ͷΑ͏ͳϙςϯγϟϧΛ
*1 b = (1/4, 1/4, 1/4)
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(a) (b)
(c) (d)
M−
E
M−
ਤ 4.8: (a) OAF22 டংԼͰͷిՙ෼෍Λ z ํ޲͔Βݟͨਤɻ৭͸ిՙ෼෍ͷਖ਼ෛΛද͢ɻ
z ࣠ਖ਼ͷํ޲ʹ࠷ۙ઀Ͱಉ͡ූ߸ΛͨͲΔͱɺ੨ͷ৔߹ࠨճΓɺ੺ͷ৔߹ӈճΓͱͳΔɻ
(b) ඇ౳ՁͳιϨϊΠυͷΠϝʔδਤɻӈר͖ɺࠨר͖ͷιϨϊΠυͰిྲྀΛ୲͏ిࢠͷ
ີ౓ͷҧ͍ʹΑΓɺਖ਼ຯͷ࣓Խ͕ੜ͡Δɻ(c)ɺ(d) OAF20 டংԼͰͷిՙ෼෍Λ (c)xํ޲
͔Βɺ(d)y ํ޲͔Βݟͨਤɻ
ײ͡ͳ͕Βӡಈ͢ΔͨΊɺҰํͷΒͤΜͷํ͕ిࢠີ౓͕େ͖͘ͳΔ*2ɻਤ 4.8(b) ͸͜
ͷ͜ͱΛ໛ࣜతʹදͨ͠ਤͰ͋Δɻ఻ಋిࢠͷີ౓͕ҟͳΔΒͤΜ͕ฒͿʮϑΣϦιϨϊ
Πυʯߏ଄ͱͳ͓ͬͯΓɺશମͰ͸Ұํͷํ޲ (ਤͰ͸੨ (z࣠ਖ਼ͷํ޲ʹࠨճΓ))ͷιϨ
ϊΠυ͕ੜ͍ͯ͡Δߏ଄ʹͳ͓ͬͯΓɺzํ޲ͷిྲྀʹΑͬͯ zํ޲ͷ࣓Խ͕ੜ͡Δɻ͜
ͷిՙ෼෍Ͱ͸ɺిؾτϩΠμϧ࢛ۃࢠϞʔϝϯτ∇z · (∇ × P (r)) *3͕༗ݶʹੜͯ͡
*2 ڧଋറ໛ܕͰ͸Ґஔ͸཭ࢄతʹ༩͑ΒΕΔͨΊɺ੺ɺ੨ͷҐஔΛ۠ผ͸Ͱ͖ͣɺ͜ΕΛ͔֬ΊΔ͜ͱ͸Ͱ
͖ͳ͍͕ɺ࣮ࡍͷ࿈ଓܥͰ͸͜ͷΑ͏ͳϙςϯγϟϧΛײ͡Δͱߟ͑ΒΕΔɻ
*3 τϩΠμϧϞʔϝϯτͷఆٛ͸ຊࣜͱ͸ҟͳΔ͕ [58]ɺಉ͡ରশੑΛ΋ͭɻ
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͓Γ (P (r)͸Ґஔ r Ͱͷ෼ۃɺ∇z ͸∇ͷ zํ޲΁ͷࣹӨ)ɺi∇ → k ͱͯ͠೾਺ۭؒ
ͱରԠ෇͚Δͱ kzMz ͱͳΔɻzํ޲ʹి৔Λ͔͚Δͱిྲྀ͕ੜ͡ ⟨kz⟩͕༗ݶͱͳΔͨ
Ί࣓ԽMz ͕༠ى͞ΕΔ͜ͱ͕Θ͔Δɻਤ 4.8(c)ɺ(d)͸ OF20 டংԼͰͷిՙ෼෍Λ (c)x
ํ޲ɺ(d)yํ޲͔ΒݟͨਤͰ͋Δɻ(c)ͱ (d)Ͱ͸ిՙͷಉ͡ූ߸ͷΒͤΜͰɺճΔํ޲
͕ٯͰ͋Δɻ͜Ε͸ɺαxx ͱ αyy ͕ٯූ߸Ͱ͋Δ͜ͱͱ੔߹͢Δɻ
4.2.2 ݁Ռͷৄࡉ
ҎԼͰɺిؾ࣓ؾޮՌͷ਺஋ղੳͷৄࡉʹ͍ͭͯड़΂Δɻ·ͣɺਤ 4.9ʹ∆ = 0.3, µ =
1.0Ͱͷ֯ӡಈྔ Jz ͷϑΣϧϛ໘্Ͱͷ෼෍Λࣔ͢ɻடংม਺͕ OAF22 ͷ৔߹ʹ͸ kz ͷ
ਖ਼ෛͰ Jz ͷූ߸͕มΘΔ kzJz ܕͷ෼෍ͱͳ͍ͬͯΔɻҰํ OAF20 ͷ৔߹ʹ͸ɺkz ͷਖ਼
ෛͰූ߸͸มΘΔ͕ɺkz > 0ͷΈΛݟͯ΋ਖ਼ຯͷظ଴஋͸ͳ͍ɻ͜ͷ෼෍͸ɺυϨοηϧ
ϋ΢εܕ kz(k2x− k2y)Jz ͱͳ͍ͬͯΔɻ͜Ε͸ɺOAF20 டংม਺ͷ 3࣍ͱ݁߹͢Δ (෇࿥ B
ࢀর)ɻ͜ͷ෼෍͔Βɺి৔ʹΑͬͯϑΣϧϛ໘͕ zํ޲ʹͣΕͨ৔߹ʹɺOAF22 ԼͰ͸ z
ํ޲ͷ࣓Խ͕༠ى͞ΕɺOAF20 டংԼͰ͸༠ى͞Εͳ͍͜ͱ͕Θ͔Δɻ
࣍ʹɺடংม਺Λݻఆͨ͠ͱ͖ͷɺԽֶϙςϯγϟϧʹର͢Δ α ͷيಓ࣓ԽʹΑΔد
༩Λਤ 4.10-4.11 ʹࣔ͢ɻҰൠ࿦ʹ͕ͨͬͯ͠ɺO20 ͷ৔߹ʹ͸ αzz = 0,αxx = −αyyɺ
O22 ͷ৔߹ʹ͸ αxx = αyy ͱͳΔɻঢ়ଶີ౓ͷϐʔΫ෇ۙͰେ͖͘มԽ͢Δ͜ͱ͕Θ͔
(a) (b)
0.5
−0.5
kz
풪AF22 풪AF20
Jz
ਤ 4.9: ϑΣϧϛ໘্Ͱͷ Jz ͷ෼෍ɻ(a) OAF22 ɺ(b) O
AF
20 டংɻύϥϝʔλ No. 1Ͱ
∆ = 0.3, µ = 1.0ͱͨ͠΋ͷɻ
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ਤ 4.10: Խֶϙςϯγϟϧʹର͢Δిྲྀ
༠ىيಓ࣓Խɻடংม਺͸ O22 Ͱେ͖͞
͸ ∆ = 0.1ɻਤதʹঢ়ଶີ౓ (DOS) Λ
೚ҙ୯ҐͰਤ͍ࣔͯ͠Δɻ
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ਤ 4.11: Խֶϙςϯγϟϧʹର͢Δిྲྀ
༠ىيಓ࣓Խɻடংม਺͸ O20 Ͱେ͖͞
͸ ∆ = 0.1ɻਤதʹঢ়ଶີ౓ (DOS) Λ
೚ҙ୯ҐͰਤ͍ࣔͯ͠Δɻ
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ਤ 4.12: டংม਺ʹର͢Δిྲྀ༠ىيಓ
࣓Խɻடংม਺͸ O22 ͰԽֶϙςϯγϟ
ϧ͸ µ = −1ɻ
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ਤ 4.13: டংม਺ʹର͢Δిྲྀ༠ىيಓ
࣓Խɻடংม਺͸ O20 ͰԽֶϙςϯγϟ
ϧ͸ µ = −1ɻ
Δɻಛʹɺµ ∼ 0.2, 1.3෇ۙͰͷϐʔΫҐஔ͸ਤ 4.3Ͱͷ Γ఺ͷϫΠϧ఺ͷΤωϧΪʔͱ
ରԠ͢Δɻ·ͨɺµ ∼ −0.7෇ۙͷϐʔΫ͸ Γ-K ઢ্ͰͷϫΠϧ఺ʹɺµ ∼ −1.7ͷϐʔ
Ϋ͸ X ఺ͰͷϫΠϧ఺ʹରԠ͍ͯ͠Δɻ͜ͷΑ͏ʹɺϑΣϧϛ໘͕ϫΠϧ఺ΛؚΉ৔߹
ʹ͸يಓ࣓Խ͕େ͖͘ͳΔɻ
࣍ʹɺடংม਺ʹର͢Δ αͷيಓ࣓ԽʹΑΔد༩Λਤ 4.12-4.13ʹࣔ͢ɻ∆ ∼ 0.1·Ͱ
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ਤ 4.14: ݪࢠيಓͷ֯ӡಈྔʹΑΔ࣓Խɻ
டংม਺͸ O22 Ͱେ͖͞͸ ∆ = 0.1ɻgJ
͸ϥϯσͷ̶ҼࢠͰ͋Δɻ
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ਤ 4.15: ݪࢠيಓͷ֯ӡಈྔʹΑΔ࣓Խɻ
டংม਺͸ O20 Ͱେ͖͞͸ ∆ = 0.1ɻgJ
͸ϥϯσͷ̶ҼࢠͰ͋Δɻ
֓ͶઢܗʹมԽ͢Δ͜ͱ͔Βɺݱ࣮తͳύϥϝʔλͷ৔߹ʹੜ͡Δ࣓Խͷେ͖͞Λݟੵ΋
Δ͜ͱ͕Ͱ͖Δɻ൓ڧ࢛ۃࢠடংͷసҠԹ౓͸ ∼ 1 Kఔ౓Ͱɺ఻ಋిࢠͷΤωϧΪʔ͸ 1
eVఔ౓ͷΦʔμʔͰ͋Δ͔Βɺ∆ ∼ 10−4 ͕ݱ࣮తͳ஋Ͱ͋Δɻ2.3અʹड़΂ͨΑ͏ʹɺ
يಓ࣓Խͷ୯Ґ͸ e2t111ppστE/!2 (e ͸ૉిՙɺτ ͸؇࿨࣌ؒɺ! ͸׵ࢉϓϥϯΫఆ਺ɺE
͸ి৔ͷେ͖͞)Ͱ͋Δɻt111ppσ = 2 eVɺτ = 10
−12 sɺE = 104 V/mͱ͢Δͱɺ͜Ε͸
102 Ψ΢εͱͳΔɻ͜Εʹ਺஋ܭࢉͷҼࢠΛ͔͚ͨ΋ͷ͕ੜ͡Δ࣓ԽͰ͋Γɺ10−4 Ψ΢
εఔ౓ͱݟੵ΋ΒΕΔɻ͜Ε͸ SQUIDʹΑͬͯଌఆՄೳͳେ͖͞Ͱ͋Δ*4ɻ
ݪࢠيಓͷ֯ӡಈྔʹ༝དྷ͢Δ࣓ԽΛਤ 4.14-4.15ʹࣔ͢ɻيಓ࣓Խͱಉ༷ʹɺϑΣϧ
ϛ໘ʹϫΠϧ఺͕͋Δ৔߹ʹϐʔΫΛ࣋ͭɻਤதͷ਺ࣈ͸يಓ࣓ԽʹΑΔ΋ͷΑΓ΋ 20
ഒఔ౓େ͖͍͕ɺ2.3અʹड़΂ͨΑ͏ʹ୯Ґ͕ 50ഒఔ౓ҟͳΔͨΊɺಉఔ౓ͷେ͖͞ͷد
༩ͱͳΔɻO20 டংͷ৔߹Ͱɺ∆ ∼ 1෇ۙͰ͸ɺ֯ӡಈྔʹΑΔد༩͕ࢧ഑తʹͳΔɻ
يಓ࣓Խͱిྲྀͷൺ β =M/J Λਤ 4.16-4.17ʹࣔ͢ɻيಓ࣓Խͱిྲྀͷൺ͸ɺݹయి
࣓ؾֶͷιϨϊΠυͱͷྨਪ͔Βɺ୯Ґ๔͋ͨΓͷר਺ʹରԠ෇͚ΒΕΔ [50]ɻ∆ ∼ 0.5
Ͱ͸୯Ґ๔͋ͨΓ 0.1 ճఔ౓ͷר਺ͱͳΔɻਤ 4.16-4.17 ͷடংม਺ґଘੑ͸ɺα(ਤ
4.12-4.13)ͷ৔߹ͱ΄ͱΜͲಉ͡Α͏ʹৼΔ෣͏͕ɺܥ͕ϫΠϧ൒ۚଐʹ͍ۙ৔߹ʹ͸ɺ
αͱ β ͷৼΔ෣͍͕ҟͳΓɺβ ͕େ͖ͳҟํੑΛ࣋ͭ৔߹͕͋Δɻ
ϫΠϧ൒ۚଐʹ͍ۙύϥϝʔλ (ਤ 4.5ͷ΋ͷ)Ͱͷ αٴͼ β ͷيಓ࣓ԽʹΑΔد༩ͷ
*4 ඪ४తͳ SQUID ଌఆػثͰ͋Δ Quantum Design ࣾͷ MPMS Ͱ͸ଌఆ࠷௿Թ౓͸ 1.8 K Ͱ͋Γɺ
൓ڧ࢛ۃࢠసҠԹ౓͸࠷΋ߴ͍ PrV2Al20 Ͱ 0.6 KͰ͋ΔͨΊɺΑΓߴ౓ͳ૷ஔ͕ඞཁͰ͋Δɻ
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ਤ 4.16: டংม਺ʹର͢Δిྲྀ༠ىيಓ
࣓Խɻடংม਺͸ O22 ͰԽֶϙςϯγϟ
ϧ͸ µ = −1ɻa͸֨ࢠఆ਺Ͱ͋Δɻ
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ਤ 4.17: டংม਺ʹର͢Δిྲྀ༠ىيಓ
࣓Խɻடংม਺͸ O20 ͰԽֶϙςϯγϟ
ϧ͸ µ = −1ɻa͸֨ࢠఆ਺Ͱ͋Δɻ
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ਤ 4.18: ϫΠϧ൒ۚଐʹ͍ۙύϥϝʔλ
Ͱͷ αͷيಓ࣓ԽʹΑΔد༩ɻ
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ਤ 4.19: ϫΠϧ൒ۚଐʹ͍ۙύϥϝʔλ
Ͱͷ β ͷيಓ࣌ՁʹΑΔد༩ɻ
ԽֶϙςϯγϟϧґଘੑΛਤ 4.18-4.19ʹࣔ͢ɻα͸ϫΠϧ൒ۚଐʹۙ͘ͳΔ µ ∼ −1.04
෇ۙͰมԽ͕খ͘͞ɺͦͷલޙͰେ͖͘มԽ͢Δɻ͜Ε͸ɺµ ∼ −1.04ͷϫΠϧ఺͸ୈೋ
छϫΠϧ఺Ͱ͋Γيಓ࣓Խ΁ͷد༩͕খ͘͞ɺͦͷલޙʹ͋ΔϫΠϧ఺͸ୈҰछϫΠϧ఺
Ͱɺيಓ࣓Խʹେ͖͘د༩͢ΔͨΊͰ͋Δͱߟ͑ΒΕΔɻҰํͰɺβ ͸ µ ∼ −1.04ʹӶ
͍ϐʔΫΛ࣋ͭɻ·ͨɺβxx = βyy ͕ βzz ʹൺ΂ͯඇৗʹେ͖͘ͳΔɻ͜Ε͸ిؾ఻ಋ౓
ͷҟํੑʹ༝དྷ͢Δɻਤ 4.20ʹిؾ఻ಋ౓ͱঢ়ଶີ౓Λࣔ͢ɻx, y ํ޲ͷిؾ఻ಋ౓͸
ϫΠϧ఺Ͱ΄ͱΜͲ 0ͱͳΓɺۙ๣ͰԽֶϙςϯγϟϧʹରͯ͠ೋ࣍తͱͳ͓ͬͯΓɺz
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ਤ 4.20: ϫΠϧ൒ۚଐʹ͍ۙύϥϝʔλ
Ͱͷిؾ఻ಋ౓ͱঢ়ଶີ౓ɻ೚ҙ୯Ґɻ
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ਤ 4.21: ϫΠϧ൒ۚଐʹ͍ۙύϥϝʔλ
Ͱͷ֯ӡಈྔʹΑΔ α΁ͷد༩ɻ
ํ޲͸༗ݶͷ஋͔Βઢܗʹ͍ۙมԽΛ͢Δ*5ɻۙ๣ͷৼΔ෣͍͸ɺϫΠϧ఺͕ୈೋछͷ΋
ͷͰ͋Γɺz ํ޲ʹ͸ઢܗ෼ࢄɺx, y ํ޲ʹ͸ೋ࣍෼ࢄͱͳΔ͜ͱʹΑΔ (෇࿥ G)ɻ࠷ޙ
ʹɺ֯ӡಈྔʹΑΔ α΁ͷد༩Λࣔ͢ɻαzz ΛݟΔͱɺϫΠϧ఺෇ۙͰۮؔ਺తʹৼΔ෣
͍ɺيಓ࣓ԽʹΑΔد༩ (ਤ 4.18)͕حؔ਺తʹৼΔ෣͏͜ͱͱରরతͰ͋Δɻ
*5 z ํ޲ͷ఻ಋ౓΋ઈରྵ౓Ͱ͸ 0ʹͳΔͱߟ͑ΒΕΔ (෇࿥ G)ɻ
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ୈ 5ষ
࢛ۃࢠۙ౻֨ࢠ໛ܕ
ຊষͰ͸ɺ࢛ۃࢠۙ౻֨ࢠ໛ܕͱͦͷฏۉ৔ۙࣅʹΑΔղੳʹ͍ͭͯड़΂Δɻ5.1અͰ
લষ·Ͱʹٞ࿦ͨ͠఻ಋిࢠͱہࡏϞʔϝϯτ͕݁߹͢Δ࢛ۃࢠۙ౻֨ࢠ໛ܕΛಋೖ͠ɺ
5.2અͰฏۉ৔ʹΑΔղੳʹ͍ͭͯઆ໌͢Δɻ
5.1 ࢛ۃࢠۙ౻֨ࢠ໛ܕͷߏ੒
ຊઅͰ͸ɺہࡏϞʔϝϯτͱ఻ಋిࢠͷ૬ޓ࡞༻Λߟྀ࢛ͨ͠ۃࢠۙ౻֨ࢠϞσϧΛ
ಋೖ͢Δɻ͜͜ͰಘΒΕͨϋϛϧτχΞϯΛฏۉ৔ۙࣅʹΑͬͯղੳ͠ɺடংม਺Λٻ
ΊΔɻ
఻ಋిࢠͷϋϛϧτχΞϯ͸ 3.1અʹهͨ͠ɻ͜͜Ͱ͸ɺہࡏϞʔϝϯτͱͦͷϋϛϧ
τχΞϯٴͼ఻ಋిࢠͱͷ૬ޓ࡞༻ʹ͍ͭͯड़΂Δɻ1.1અʹड़΂ͨΑ͏ʹɺPrܥͰ͸௿
ԹͰͷ෺ੑ͸ओʹ݁থ৔جఈঢ়ଶͰ͋Δ Γ3 ೋॏ߲ |Γ3u⟩ , |Γ3v⟩ Ͱهड़͞ΕΔɻ2.1 અʹ
ड़΂ͨΑ͏ʹ Γ3ೋॏ߲͸ Γ1,2,3ʹଐ͢ΔϞʔϝϯτΛ΋ͪɺ࢛ۃࢠϞʔϝϯτ͸ Γ3ʹଐ
͢ΔɻΓ3 ೋॏ߲ͷΈΛߟ͑Δͱɺ͜ͷۭؒͰ SU(2)ͷࣗ༝౓͕͋Γɺடংม਺ͷํ޲͸
ݻఆ͞Εͳ͍ɻ2.1અͰड़΂ͨࣗ༝ΤωϧΪʔͷҟํੑΛੜΉ 3࣍ٴͼ 6࣍ͷ߲͸ྭىঢ়
ଶͷد༩ʹ༝དྷ͢Δɻ͕ͨͬͯ͠ɺ·ͣ Γ3 ʹଐ͢ΔϞʔϝϯτʹؔ܎͢Δྭىঢ়ଶΛߟ
͑Δɻط໿දݱ Γµ,Γν(µ, ν = 1, 3, 4, 5) ʹଐ͢Δঢ়ଶ |Γµα⟩ , |Γνβ⟩ ͔ΒಘΒΕΔଟۃࢠ
ϞʔϝϯτΛߟ͑Δɻ͜͜Ͱɺα,β ͸ 2ॏ߲ (Γ3)ɺ3ॏ߲ (Γ4,5)ͷجఈͰ͋Δɻߦྻཁૉ
͕ |µ,α⟩ ⟨ν,β|͸ద౰ͳઢܗ݁߹ΛͱΔͱɺ௚ੵ Γµ ⊗ Γν ʹදΕΔط໿දݱͷ͍ͣΕ͔ʹ
ଐ͢Δɻ͜ͷ͏ͪɺΓ3 ʹଐ͢Δ΋ͷ͕࢛ۃࢠϞʔϝϯτΛߏ੒͢Δɻµ = 3, ν = 1, 3, 4, 5
Ͱ௚ੵʹ Γ3 ͕ݱΕΔ΋ͷ͸ɺν = 1, 3ͷΈͰ͋Δ (෇࿥ B)ɻ͕ͨͬͯ͠ɺΓ3 ೋॏ߲ʹՃ
͑ͯ Γ1 දݱͷྭىঢ়ଶΛߟྀ͢Δɻ࢛ۃࢠϞʔϝϯτ͸ (|Γ3u⟩ , |Γ3v⟩ , |Γ1⟩)ͷجఈͰҎ
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ԼͷΑ͏ʹද͞ΕΔɻ
Qx =
⎛⎝0 1 01 0 a
0 a 0
⎞⎠ , Qz =
⎛⎝1 0 a0 −1 0
a 0 0
⎞⎠ (5.1)
a͸ඇ౳ํੑΛੜΉύϥϝʔλͰ͋ΓɺJ = 4ͷ৔߹ʹ͸ a =
√
35/2Ͱ͋Δɻ͜ͷ࢛ۃ
ࢠϞʔϝϯτͱ఻ಋిࢠͷ Γ3 ࣗ༝౓ͷ૬ޓ࡞༻Λߟ͑ɺϋϛϧτχΞϯ͸ҎԼͰ༩͑Β
ΕΔɻ
H = Hcon +Hloc +Hint, (5.2)
Hloc =
∑
is
E1 |is,Γ1⟩ ⟨is,Γ1| , (5.3)
Hint = JQ
∑
i,s
∑
n,m,σ
∑
µ
Qˆµisa
†
insσ(τ
µ
is)mnaimsσ, (5.4)
Qˆµis ≡
∑
pq
(Qµis)pq |i, s, p⟩ ⟨i, s, q| . (5.5)
͜͜Ͱ a(†)insσ ͸఻ಋిࢠͷফ໓ (ੜ੒)ԋࢉࢠɺµ = x, zɺσ =↑, ↓͸ٖεϐϯɺn,m = u, v,
p, q = |Γ1,3u,3v⟩͸ Γ3 ͷجఈɺi͸୯Ґ๔ɺs = A,B ͸෭֨ࢠͷࣗ༝౓ʹର͢ΔఴࣈͰ͋
ΔɻہࡏϞʔϝϯτͷϋϛϧτχΞϯͷجఈ͸ (|Γ3u⟩ , |Γ3v⟩ , |Γ1⟩)Ͱ͋ΓɺΓ3 جఈঢ়ଶ
ͷΤωϧΪʔΛ 0ͱͨ͠ɻہࡏϞʔϝϯτͱ఻ಋిࢠͷ૬ޓ࡞༻Λฏۉ৔ۙࣅͰѻ͏ͱϋ
ϛϧτχΞϯ͸ҎԼͷΑ͏ʹͳΔɻ
HMF = HMFcon +H
MF
loc −NJQ
∑
sµ
⟨Qµs ⟩⟨τµs ⟩, (5.6)
HMFcon =
∑
αβk
a†αkH(k)αβaβk + JQ
∑
sµαβk
⟨Qµs ⟩a†αk(τ˜µs )αβaβk, (5.7)
HMFloc =
∑
is
E1 |is,Γ1⟩ ⟨is,Γ1|+ JQ
∑
isµ
Qµis⟨τµs ⟩, (5.8)
͜͜Ͱɺα,β ͸ (u, v)⊗ (↑, ↓)⊗ (A,B)ɺH(k)͸ 3.1અͰఆٛͨ͠΋ͷɺN ͸୯Ґ๔ͷ
਺ɺτ˜µA,B = τ
µ(γ0 ± γz)/2ɺ⟨· · · ⟩͸೤ྗֶతظ଴஋Ͱɺ
⟨τ sµ⟩ = 1
N
∑
nk
f(ϵnk)(τ
sµ)nn, (5.9)
⟨Qµs ⟩ =
∑
j
⟨j|Qˆµs |j⟩
e−βEjs
Zs
, (5.10)
Zs =
∑
js
e−βEjs , (5.11)
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Ͱ͋Δɻϵnk ͸HMFcon ͷ೾਺ kͰͷ n൪໨ͷόϯυͷΤωϧΪʔɺf ͸ϑΣϧϛ෼෍ؔ਺ɺ
Ejs (j = 1, 2, 3)͸ HMFloc ͷ͋ΔαΠτͷ෭֨ࢠ sͰͷ j ൪໨ͷΤωϧΪʔɺβ = 1/kBT
͸ٯԹ౓ɺkB ͸ϘϧπϚϯఆ਺Ͱ͋ΔɻܥͷશΤωϧΪʔ͸ҎԼͰ༩͑ΒΕΔɻ
Etot = Econ + Eloc −NJQ
∑
sµ
⟨Qµs ⟩⟨τµs ⟩, (5.12)
Econ =
∑
nk
f(Enk)Enk, (5.13)
Eloc = N
∑
sj
Ejs
e−βEsj
Zs
, (5.14)
ෳ਺ͷࣗݾແ಍ணͳղͷதͰɺEtot ͕࠷খΛͱΔ΋ͷ͕ฏۉ৔ۙࣅʹΑΔղͰ͋Δɻ
͜͜Ͱɺྭىঢ়ଶΛߟྀͨ͜͠ͱʹΑͬͯɺҟํੑ͕ੜ͡Δ͜ͱΛ۩ମతʹݟΔɻҟ
ํੑ͸ Hloc ͷݻ༗஋ʹදΕΔ͸ͣͰ͋ΔɻJQ(⟨τz, τx⟩) = J˜(cos θ, sin θ)ͱ͓͖ɺΓ3 ϒ
ϩοΫΛର֯Խ͢Δͱɺݻ༗ঢ়ଶ͸
|Γ3+⟩ = cos θ
2
|Γ3u⟩ − sin θ
2
|Γ3v⟩ (5.15)
|Γ3−⟩ = sin θ
2
|Γ3u⟩+ cos θ
2
|Γ3v⟩ (5.16)
ͱ༩͑ΒΕɺ͜ͷجఈͰ 1αΠτɺ͋Δ෭֨ࢠͰͷϋϛϧτχΞϯ͸
Hloc =
⎛⎝ J˜ 0 aJ˜ cos 3θ20 −J˜ aJ˜ sin 3θ2
aJ˜ cos 3θ2 aJ˜ sin
3θ
2 E1
⎞⎠ (5.17)
ͱͳΔɻ͜͜Ͱ E1 ≫ J˜ ͱ͢Δͱɺ
E
E1
= −
( J˜
E1
)
− a2 sin2 3θ
2
( J˜
E1
)2
+ a2(sin2
3θ
2
− a
2
8
sin2 3θ)
( J˜
E1
)3
+ · · · (5.18)
ͱҟํੑ͕ੜ͡Δɻ
5.2 ฏۉ৔ղ
ຊઅͰ͸ɺલઅͰಋೖ࢛ͨ͠ۃࢠۙ౻֨ࢠϞσϧͷฏۉ৔ۙࣅʹΑΔղʹ͍ͭͯड़΂
ΔɻҎԼɺຊઅΛ௨ͯ͠αΠτ਺͸ N = 128× 128× 128ͱͯ͠ܭࢉͨ͠ɻ
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 0
 0.5
-2 -1  0  1  2
AFQ(O22) FQ(O20) AFQ(O22)
J Q
µ
ਤ 5.1: Խֶϙςϯγϟϧ µɺ૬ޓ࡞༻ JQ ʹର͢Δடংม਺ͷ૬ਤɻAFQ ͸ OAF22
ͱدੜͨ͠ OF20ɺFQ͸ O
F
20 Ͱ͋Δɻ
5.2.1 ฏۉ৔ۙࣅʹΑΔղੳ
Խֶϙςϯγϟϧ µ ͱ૬ޓ࡞༻ఆ਺ JQ ʹର͢Δடংม਺ͷ૬ਤΛਤ 5.1ʹࣔ͢ɻ఻ಋ
ిࢠͷύϥϝʔλ͸No. 1Ͱ͋ΓɺہࡏϞʔϝϯτͷύϥϝʔλ͸E1 = 0.1, a =
√
35/2ɺ
T = 0ͱͨ͠ɻϑΟϦϯά (Խֶϙςϯγϟϧ)͕খ͍͞ɺ·ͨ͸େ͖͍ྖҬͰ൓ڧ࢛ۃ
ࢠ (OAF22 +O
F
20)ͱͳΓɺதؒྖҬͰڧ࢛ۃࢠ (O
F
20)டং͕ղͱͳΔɻڧతடংͷடংม਺
͕ OF20 ͱͳΔ͜ͱ͸ 2.1અͰͷٞ࿦ͱ੔߹͢Δɻ൓ڧ࢛ۃࢠடংͷடংม਺͸ O
AF
22 Ϟʔ
ϝϯτ͕ओཁͰɺখ͞ͳڧ OF20 ϞʔϝϯτΛ൐͍ɺ͜Ε΋ 2.1 અͰͷٞ࿦ͱ੔߹͢Δɻ
OAF20 + O
F
20 ܕͷடংม਺΋ՄೳͰ͋Δ͕ɺຊݚڀͰ͸ੜ͡ͳ͔ͬͨɻ࣍અͰ఻ಋిࢠͷ
ײड཰Λܭࢉ͠ɺ૬ਤͱͷؔ܎Λߟ࡯͢Δɻ
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ਤ 5.2: q = 0ͰͷԽֶϙςϯγϟϧʹର
͢Δײड཰ɻ
 2
 2.5
 3
 3.5
 4
 4.5
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 5.5
Γ Z W L Γ K
χ 
FQz
AFQz
FQx
AFQx
FMz
AFMz
ਤ 5.3: ߴରশઢͰͷײड཰ɻµ = 0.0
5.2.2 ײड཰
ຊ߲Ͱ͸ɺ఻ಋిࢠͷײड཰ʹ͍ͭͯٞ࿦͢Δɻ૬ޓ࡞༻͕ͳ͍৔߹ͷײड཰ͷৼΔ
෣͍Λݟͯɺฏۉ৔ۙࣅͷղͱͷؔ܎Λߟ͑ΔɻҎԼɺԹ౓͸ T = 0.01ɺϗοϐϯάύ
ϥϝʔλʔ͸ No. 1Ͱ͋Δɻਤ 5.2ʹ q = 0ͰͷԽֶϙςϯγϟϧʹର͢Δײड཰Λࣔ
͢ɻਤதͰɺFQɺAFQɺFMɺAFM͸ͦΕͧΕ τx,zɺτx,zγzɺσx,y,zɺσx,y,zγz ͷײड
཰Λද͢ɻײड཰ʹҟํੑ͸ͳ͘ɺO22 ͱ O20 ͸۠ผ͞Εͳ͍ɻԽֶϙςϯγϟϧ (ϑΟ
Ϧϯά)͕খ͍͞ྖҬͰ൓ڧ࢛ۃࢠײड཰͕ɺµ = 0෇ۙ (ϋʔϑϑΟϦϯά)Ͱڧ࢛ۃࢠ
ײड཰͕ϐʔΫΛ࣋ͭɻ͜Ε͸ɺલ߲ͰͷϑΟϦϯά͕খ͍͞ɺ·ͨ͸େ͖͍ྖҬͰ൓ڧ
࢛ۃࢠɺதؒྖҬͰڧ࢛ۃࢠடং͕ղͱͳͬͨ͜ͱͱ੔߹͢Δɻ͜Ε͸ఆੑతʹ͸࣍ʹΑ
͏ʹཧղͰ͖Δɻ෇࿥ Fʹड़΂ΔΑ͏ʹɺடংม਺ΛՃ͑ͨ৔߹ͷΤωϧΪʔͷมԽ͸ɺ
Γ఺Ͱ͸ڧతடংͷํ͕େ͖͘ɺX ఺W ఺ͳͲκʔϯ୺Ͱ͸ɺ൓ڧடংͷ΄͏͕େ͖͘
ͳΔɻײड཰͸ࣗ༝ΤωϧΪʔ F Λடংม਺ͱڞ໾ͳ৔ (ฏۉ৔ۙࣅͷൣғͰ͸ 4.1અͰ
ͷ)∆Ͱ 2֊ඍ෼ͨ͠ɺ∂2/∂∆2 Ͱ༩͑ΒΕΔɻ1࣍ͷ܎਺͸ 0Ͱ͋Δ͔ΒɺடংʹΑΔ
ΤωϧΪʔͷརಘ͕େ͖͍৔߹ʹײड཰͕େ͖͘ͳΔɻ͜͜Ͱ༻͍ͨύϥϝʔλͰ͸όϯ
υͷ࠷খ (࠷େ)͸ L఺෇ۙʹ͋ΔͨΊ (4.2)ɺϑΟϦϯά͕খ͍͞ (େ͖͍)ྖҬͰ͸൓
ڧ࢛ۃࢠͷײड཰͕େ͖͘ͳΔɻΓ఺͸ µ ∼ 0.2෇ۙͱ µ ∼ 1.3෇ۙʹ͋Δɻ͜ͷΤωϧ
Ϊʔʹ͸ X ఺΍W ఺෇ۙʹ΋ϑΣϧϛ໘͕͋ΔͨΊɺ؆୯ʹ͸ཧղͰ͖ͳ͍ɻͨͩ͠ɺ
ఆੑతʹ͸ µ ∼ 1.3ʹ͸ X −W Ͱͷ෼ࢄ͕ϑϥοτʹۙ͘ɺκʔϯ୺෇ۙͰͷঢ়ଶີ౓
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ਤ 5.4: ߴରশઢͰͷײड཰ɻµ = −2.0
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ਤ 5.5: ߴରশઢͰͷײड཰ɻµ = 0.5
͕େ͖͍ͨΊɺ൓ڧϞʔϝϯτͷ΄͏͕རಘ͕େ͖͍ͱߟ͑ΒΕΔɻ
࣍ʹɺߴରশͳ೾਺Ͱͷײड཰Λਤ 5.3-5.5ʹࣔ͢ɻ͜͜Ͱͷڧ (FQ)ɺ൓ڧ (AFQ)͸
෭֨ࢠʹ͍ͭͯରশɺ൓ରশͷ۠ผͰ͋Δɻ
µ = 0Ͱ͸ڧ࢛ۃࢠײड཰͕ɺµ = 0.5Ͱ͸൓ڧ࢛ۃࢠײड཰͕ q = 0Ͱ࠷େͱͳΓɺ
ଟۃࢠடং͕ظ଴͞ΕΔɻµ = −2.0Ͱ͸ q = 0Ͱͷ൓ڧ࢛ۃࢠײड཰ͱ q = X Ͱͷ࢛
ۃࢠײड཰͕ಉ͡ఔ౓ͷେ͖͞Ͱ͋Γɺµ = −2.0Ͱ͸ɺL఺ΛғΉখ͞ͳϑΣϧϛ໘͕
͋Γɺq = X ͰͷϐʔΫ͸ωεςΟϯάΛ൓ө͍ͯ͠ΔɻຊݚڀͰ͸ɺฏۉ৔ղͷީิ
ͱͯ͠ q = 0ͷ࢛ۃࢠடংͷΈΛߟྀ͕ͨ͠ɺҰൠͷடংΛߟ͑Δͱɺq = X ͷ൓ڧ࢛
ۃࢠடং΍࣓ؾடং͕ੜ͡ΔՄೳੑ͕͋Δ*1ɻ
*1 q ̸= 0Ͱ͸ χAFQx,z(q)ͳͲ͸ط໿දݱͰ͸ͳ͘ɺ͜ΕΒΛؚΉઢܗ݁߹͕டংม਺ͱͳΔ
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ୈ 6ষ
·ͱΊٴͼࠓޙͷల๬
ຊষͰ͸ຊݚڀͷ·ͱΊɺࠓޙͷల๬ʹ͍ͭͯड़΂Δɻ
6.1 ·ͱΊ
ຊݚڀͷ໨త͸ɺୈ 1ষͰड़΂ͨΑ͏ʹɺPr 1-2-20ܥͰ؍ଌ͞Ε͍ͯΔ൓ڧ࢛ۃࢠͷ
டংม਺Λిؾ࣓ؾޮՌʹΑͬͯ۠ผͰ͖Δ͜ͱΛࣔ͢͜ͱͰ͋ͬͨɻୈ 2 ষͰՄೳͳ
டংม਺ͱԠ౴ͱͷؔ܎ɺిؾ࣓ؾޮՌΛܭࢉ͢Δख๏ʹ͍ͭͯड़΂ɺୈ 3ষͰ͜ΕΛ਺
஋తʹݕূ͢ΔͨΊʹඞཁͳࣗ༝౓Λ࣋ͭɺ఻ಋిࢠͷ Γ8 ໛ܕΛಋೖͨ͠ɻୈ 4 ষͰɺ
q = 0Ͱ෭֨ࢠʹ͍ͭͯ൓ରশͳ൓ڧ࢛ۃࢠடংԼͰͷిؾ࣓ؾޮՌΛܭࢉ͠ɺடংม਺
ʹΑΔҟํੑͷҧ͍͕දΕΔ͜ͱɺੜ͡Δ࣓Խͷେ͖͞͸ 10−4 Ψ΢εఔ౓ͰଌఆՄೳͳ
େ͖͞Ͱ͋Δ͜ͱ͕Θ͔ͬͨɻ·ͨɺੜ͡Δ࣓Խ͸ϑΣϧϛ໘෇ۙʹϫΠϧ఺͕͋Δ৔߹
ʹେ͖͘ͳΓɺܥ͕ϫΠϧ൒ۚଐʹͳΔ৔߹ʹ͸ిྲྀʹର͢Δيಓ࣓Խͷ܎਺͕ඇৗʹେ
͖͘ͳΔ͜ͱΛݟͨɻୈ 5ষͰɺ࢛ۃࢠۙ౻֨ࢠ໛ܕΛಋೖ͠ɺq = 0ͷடংม਺ΛԾఆ
ͨ͠ฏۉ৔ۙࣅʹΑͬͯղੳ͠ɺڧ O20 ٴͼ൓ڧ O22 டংղ͕ಘΒΕͨɻ·ͨɺ༗ݶ೾
਺Ͱͷײड཰Λܭࢉ͠ɺq ̸= 0ͷடং΍ɺ࣓ؾடং͕ൃୡ͢ΔՄೳੑ͕͋Δ͜ͱ͕Θ͔ͬ
ͨɻຊݚڀͷओཁͳ݁Ռ͸ɺPr 1-2-20ܥͰͷ൓ڧ࢛ۃࢠͷடংม਺͸ిྲྀ༠ى࣓Խͷҟ
ํੑʹΑͬͯ۠ผ͞ΕΔ͜ͱͰ͋Δɻ
6.2 ࠓޙͷల๬
ຊݚڀͰ͸ɺ൓ڧ࢛ۃࢠͷடংม਺ͱͯ͠ q = 0 Ͱ෭֨ࢠʹ͍ͭͯ൓ରশͳடংม਺
ΛԾఆͯ͠ฏۉ৔ۙࣅʹΑΓղΛಘͨɻ5.2અͰड़΂ͨΑ͏ʹɺ఻ಋిࢠͷײड཰͔Β͸
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q ̸= 0ͷ൓ڧ࢛ۃࢠடং͕ղͱͳΔ͜ͱՄೳੑ͕͋ΓɺΑΓҰൠతͳடংม਺ʹରͯ͠ட
ংΛௐ΂Δ͜ͱ͸ࠓޙͷ՝୊Ͱ͋Δɻ·ͨɺடংม਺ͷҟํੑͷىݯͱͯ͠ɺہࡏిࢠͷ
ྭىঢ়ଶͷد༩Λߟ͕͑ͨɺ఻ಋిࢠͷҟํੑʹΑΔىݯ΋ߟྀ͢Δඞཁ͕͋Δɻຊݚڀ
Ͱ൓ڧ࢛ۃࢠடংʹΑͬͯϫΠϧ఺͕ੜ͡Δ͜ͱ͕Θ͔Γɺ༠ى࣓Խ΁ͷد༩ʹ͍ͭͯߟ
͕͑ͨɺ͜ͷଞʹϫΠϧ఺͕΋ͭτϙϩδΧϧͳੑ࣭΍ɺ࣓৔தͰͷৼΔ෣͍ɺଞͷԠ౴
ݱ৅ͳͲΛௐ΂Δඞཁ͕͋ΔɻPr 1-2-20 ܥͰ͸࢛ۃࢠடংԼͰ௒఻ಋ͕ൃݱ͢ΔͨΊɺ
όϯυͷಛҟͳੑ࣭͕௒఻ಋঢ়ଶʹ΋Өڹ͍ͯ͠ΔՄೳੑ͕͋Γɺ͜Ε΋ڵຯਂ͍՝୊Ͱ
͋Δɻ
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෇࿥
෇࿥ A ଟۃࢠԋࢉࢠͷఆٛ
ຊ෇࿥Ͱ͸ɺଟۃࢠΛهड़͢ΔଟۃࢠԋࢉࢠΛఆٛ͢Δɻຊ߲ͷ಺༰͸จݙ [1, 59] ʹ
ΑΔɻ
શ֯ӡಈྔͷݻ༗ঢ়ଶ |J, Jz⟩ͷੑ࣭ΛΈΔͨΊʹɺిՙີ౓ ρe(r)ɺ࣓Խີ౓ ρm(r)ͷ
ٿ໘ௐ࿨ؔ਺΁ͷࣹӨΛݟΔɻҎԼͷٞ࿦͸ 1ిࢠঢ়ଶͰߦ͏ɻρe(r), ρm(r)͸ن֨Խ͞
Εͨٿ໘ௐ࿨ؔ਺ Zlm(rˆ) ≡
√
4π/(2l + 1)Ylm(rˆ)ʹΑͬͯ࣍ͷΑ͏ʹల։͞ΕΔɻ
ρe(r) =
∞∑
l=0
l∑
m=−l
(2l + 1)
Qlm
e⟨rl⟩Zlm(rˆ), (A.1)
ρm(r) =
∞∑
l=0
l∑
m=−l
(2l + 1)
Mlm
µB⟨rl1⟩Zlm(rˆ). (A.2)
͜͜Ͱɺrˆ = r/r͸ಈܦํ޲ͷ୯ҐϕΫτϧɺµB = e!/2me ͸ϘʔΞ࣓ࢠɺe, !,me ͸ͦ
ΕͧΕૉిՙɺ׵ࢉϓϥϯΫఆ਺ɺిࢠͷ੩ࢭ࣭ྔͰ͋ΔɻQlm,Mlm ͸ͦΕͧΕిؾଟ
ۃࢠԋࢉࢠɺ࣓ؾଟۃࢠԋࢉࢠͱݺ͹Εɺ࣍Ͱ༩͑ΒΕΔɻ
Qlm ≡ e
∫ ∞
0
drrlZlm(rˆ)
∗, (A.3)
Mlm ≡ µB
∫ ∞
0
dr(
2l
l + 1
+ 2s) ·∇(rlZlm(rˆ)∗). (A.4)
͜͜Ͱɺl, s͸يಓɺεϐϯ֯ӡಈྔԋࢉࢠͰ͋Δɻଟۃࢠԋࢉࢠͷݻ༗֯ӡಈྔͰͷߦ
ྻཁૉ
⟨J, Jz|Qˆlm|J, J ′z⟩ (A.5)
Λܭࢉ͢ΔͨΊʹɺStevens ͷ౳Ձԋࢉࢠ๏ʹ͍ͭͯड़΂Δɻٿ໘ௐ࿨ؔ਺ΛҰൠԽ͠
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ͯɺ*1࣍ͷަ׵ؔ܎Λຬͨ͢ 2k+1ݸͷ੒෼Λ࣋ͬͨԋࢉࢠ T (k)q Λߟ͑Δ (−k ≤ q ≤ k)ɻ
[Jz, T
(k)
q ] = qT
(k)
q , (A.6)
[J±, T (k)q ] =
√
(k ∓ q)(k ± q + 1)T (k)q±1, (A.7)
(A.8)
͜ͷͱ͖ɺT (k)q Λ֊਺ k ͷط໿ςϯιϧԋࢉࢠͱݺͿɻJz, J± = (Jx ± iJy)/
√
2͸શ֯
ӡಈྔͷ z ੒෼ͱɺz ੒෼ʹର͢Δঢ߱ԋࢉࢠͰ͋ΔɻWigner-Eckartͷఆཧ͔Β֯ӡಈ
ྔͷجఈʹΑΔ T (k)q ͷߦྻཁૉ͸ҎԼͰ༩͑ΒΕΔɻ
⟨J, Jz|T kq |J ′J ′z⟩ = ⟨J ||T (k)||J ′⟩
⟨J, Jz|J ′J ′zkq⟩√
2J + 1
, (A.9)
͜͜Ͱ ⟨J, Jz|J ′J ′zkq⟩ ͸ΫϨϒγϡɾΰϧμϯ܎਺Ͱ͋Γɺ⟨J ||T (k)||J ′⟩ ͸ؐݩߦྻཁ
ૉͱݺ͹Ε Jz, J ′z, q ʹ͸ґଘ͠ͳ͍ɻ֯ӡಈྔͰߏ੒ͨ͠ k ֊ͷط໿ςϯιϧԋࢉࢠΛ
J (k)q ͱ͢Δͱɺ͜Ε͸ҎԼͰ༩͑ΒΕΔɻ
J (k)k = (−1)k
√
(2k − 1)!!
(2k)!!
J (k)+ . (A.10)
J− ͱͷަ׵ؔ܎͔Βɺq = k − 1, k − 2, · · ·− k ͕ٻ·ΔɻJ (k) ͷؐݩߦྻཁૉ͸ҎԼͰ
༩͑ΒΕΔɻ
⟨J ||J (k)||J ′⟩ = 1
2k
√
(2J + k + 1)!
(2J − k)! . (A.11)
֯ӡಈྔ J ͷۭؒͰͷ೚ҙͷςϯιϧԋࢉࢠ͸֯ӡಈྔԋࢉࢠͷఆ਺ഒͰஔ͖׵͑Δ͜
ͱ͕Ͱ͖ɺଟۃࢠԋࢉࢠ͸
⟨J, Jz|Qˆlm|J, J ′z⟩ = e⟨rl⟩g(l)n ⟨J, Jz|Jˆ (l)m |J, J ′z⟩ , (A.12)
⟨J, Jz|Mˆlm|J, J ′z⟩ = µB⟨rl−1⟩g(l)n ⟨J, Jz|Jˆ (l)m |J, J ′z⟩ , (A.13)
Ͱ༩͑ΒΕΔɻൺྫ܎਺ g(l)n ͸ StevensҼࢠͱݺ͹ΕΔɻ݁থ৔΍ଟۃࢠͷཧ࿦Ͱ͸ J
(l)
m
ͷ୅ΘΓʹ͜Εͱൺྫ͢Δ Stevensԋࢉࢠ Oˆml ͕༻͍ΒΕΔࣄ͕ଟ͍ɻ2֊ͷ O ͱ J ͱ
ͷؔ܎͸ҎԼͷΑ͏ʹ༩͑ΒΕΔɻ
O20 = 2J
(2)
0 , O22 =
2√
3
J2(2), (A.14)
*1 يಓ֯ӡಈྔ Lz,± ͱٿ໘ௐ࿨ؔ਺ Ylm ͸ަ׵ؔ܎ [Lz , Ylm] = !mYlm, [L±, Ylm] =
!
√
(l ∓m)(l ±m+ 1)Ylm±1 Λຬͨ͢ɻl = 1 ͷ৔߹Λ֯ӡಈྔͷަ׵ؔ܎ͱൺ΂Δͱ Y11 ͱ
−J+/
√
2ɺY10 ͱ JzɺY1−1 ͱ J−/
√
2͕ରԠ͢Δɻ
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෇࿥ B ϥϯμ΢ཧ࿦ͷৄࡉ
ຊ෇࿥Ͱ͸ 2.1અͰٞ࿦ͨ͠ϥϯμ΢ཧ࿦ͷৄࡉͱɺ1.1અɺ5.1અͰड़΂ͨɺf2 ిࢠʹ
ؔ͢Δৄࡉʹ͍ͭͯड़΂Δɻ
෇࿥ B.1 ϥϯμ΢ཧ࿦ͷৄࡉ
ຊ߲Ͱ͸ 2.1અͰٞ࿦ͨ͠ϥϯμ΢ཧ࿦ͷৄࡉΛه͢ɻ
2.1અͰ΋ड़΂ͨΑ͏ʹ τ± ͸
T : τ±A/B → τ∓A/B (B.1)
I : τ±A → τ±B (B.2)
IC4z : τ
±
A/B → τ∓A/B (B.3)
σ110 : τ
±
A/B → τ∓A/B (B.4)
C3 : τ
±
A/B → e∓i2π/3τ±A/B . (B.5)
ͱม׵͢Δɻடংม਺Λ
φu ≡ ⟨τ+A ⟩+ ⟨τ+B ⟩ ≡ |φu|eiθu (B.6)
φs ≡ ⟨τ+A ⟩ − ⟨τ+B ⟩ ≡ |φs|eiθs (B.7)
ͱఆٛ͢Δɻܥͷରশૢ࡞ʹΑͬͯมԽ͢Δͷ͸Ґ૬෦෼Ͱ͋Γɺ࣍ͷΑ͏ʹม׵͢Δɻ
T : θu → −θu, θs → −θs (B.8)
I : θu → θu, θs → θs + π (B.9)
IC4z : θu → −θu, θs → −θs (B.10)
σ110 : θu → −θu, θs → −θs (B.11)
C3 : θu → θu + 2π/3, θs → θs + 2π/3 (B.12)
ࣗ༝ΤωϧΪʔͷ n ࣍ͷ߲ͱͯ͠Մೳͳ΋ͷ͸ɺ
∑n
i=1 ηiθi Ͱશରশૢ࡞ʹରͯ͠ෆ
มɺ·ͨ͸ූ߸͕มԽ͢Δ΋ͷͰ͋Δɻ͜͜Ͱɺθi = θu,s, ηi = ±1 Ͱ͋Δɻશૢ࡞
ʹؔͯ͠ෆมɺ·ͨ͸ූ߸͕มԽ͢Δ΋ͷ͸ φ∗1φ2 + φ1ψ∗2 ͷܗͷ݁߹Λߟ͑Δ͜ͱ
ͰɺશରশදݱΛͭ͘Δ͜ͱ͕Ͱ͖Δɻடংม਺ͷ 2 ࣍ͰՄೳͳ΋ͷ͸ θ ʹ͍ͭͯɺ
θu− θu, θs− θs = 0 Λຬͨ͢΋ͷɺ͢ ͳΘͪɺ|φu,s|2 Ͱ͋Δɻۮ਺࣍Ͱ͸ಉ༷ʹ |φu,s|4,6
ͳͲ͕ՄೳͰ͋Δɻ͜ΕҎ֎ͷ৔߹Ͱ͸ɺC3 ʹ͍ͭͯෆมͰ͋ΔͨΊʹ࣍਺͸ 3 ͷഒ
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਺Ͱ͋Δඞཁ͕͋Δɻ·ͨɺφs ͷ৔߹ʹ͸ɺI ʹ͍ͭͯෆมͰ͋ΔͨΊʹۮ਺࣍Ͱ͋
Δඞཁ͕͋Δɻ͕ͨͬͯ͠ɺφu ʹ͍ͭͯ͸ 3 ࣍ɺφs ʹ͍ͭͯ͸ 6 ࣍ͷ߲ʹҟํੑΛ΋
ͭՄೳͳ߲͕දΕΔɻ3 ࣍Ͱ͸ɺ3θu ͕ I, C3 ʹؔͯ͠ෆม T , IC4 ʹؔͯ͠ූ߸Λม
͑ΔͨΊɺ|φu|3(e3θu + e−3iθu) = 2|φu|3 cos 3θu ͕શରশදݱͱͳΔɻφs ͷ 6 ࣍Ͱ͸ɺ
|φu|6(e6θu + e−i6θu) = 2|φu|6 cos 6θu ͕શରশදݱͱͳΔɻφu ͱ φs ͷ૬ޓ࡞༻߲Ͱ͸ɺ
2θs + θu ͔Β࡞ΒΕΔ |φu||φs|2(ei(2θs+θu) + e−i(2θs+θu)) = 2|φu||φs|2 cos(2θs + θu) ͕
શରশදݱͱͳΔɻφu ͷ 6࣍ɺφu,φs ͱ΋ʹؚΉ 4,6࣍Λແࢹ͢ΔͱɺՄೳͳࣗ༝Τω
ϧΪʔ͸ɺ
F = F0 + Fφu + Fφs + Fint (B.13)
Fφu = ruφ|φu|2 + v|φu|3 cos 3θu + guφ|φu|4 + . . . (B.14)
Fφs = rsφ|φs|2 + gsφ|φs|4 + |φs|6(t+ w cos 6θs) + . . . (B.15)
Fint = λ|φs|2|φu| cos(2θs + θu) (B.16)
ͱͳΔɻ͜͜ͰɺF0 ͸டং͕ͳ͍ͱ͖ͷࣗ༝ΤωϧΪʔͰ͋Δɻ
෇࿥ B.2 f2 ిࢠͷৄࡉ
ຊ߲Ͱ͸ɺ1.1અɺ5.1અͰड़΂ͨ f2 ిࢠʹؔ͢Δৄࡉʹ͍ͭͯड़΂Δɻ
ɾf2 ిࢠ഑ஔͷཱํথͰͷ݁থ৔ݻ༗ঢ়ଶ
f2 ిࢠ഑ஔΛऔΔݪࢠ͸ɺϑϯτଇʹ͕ͨͬͯ͠ɺJ = 4͕ J ଟॏ߲ͷجఈঢ়ଶͱͳΔɻ
͜ΕΒͷ 2J + 1 = 9ݸͷঢ়ଶ͸݁থ৔෼྾ʹΑͬͯ Γ1,3,4,5 දݱͷঢ়ଶʹ෼྾͢Δɻݻ
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༗ঢ়ଶ͸ |jz⟩ͷجఈͰҎԼͷΑ͏ʹද͞ΕΔɻ
|Γ1⟩ = 1√
12
{√5
2
(|4⟩+ |−4⟩) +√7 |0⟩
}
(B.17)
|Γ3u⟩ = 1√
12
{√7
2
(|4⟩+ |−4⟩)−√5 |0⟩
}
(B.18)
|Γ3v⟩ = 1√
2
(|2⟩+ |−2⟩) (B.19)
|Γ4x⟩ = 1
4i
{√
7(|1⟩+ |−1⟩) + (|3⟩+ |−3⟩)
}
(B.20)
|Γ4y⟩ = −1
4
{√
7(|1⟩ − |−1⟩)− (|3⟩ − |−3⟩)
}
(B.21)
|Γ4z⟩ = 1√
2i
(|4⟩ − |−4⟩) (B.22)
|Γ5x⟩ = 1
4i
{
(|1⟩+ |−1⟩)−√7(|3⟩+ |−3⟩)
}
(B.23)
|Γ5y⟩ = −1
4
{
(|1⟩ − |−1⟩) +√7(|3⟩ − |−3⟩)
}
(B.24)
|Γ5z⟩ = 1√
2i
(|2⟩ − |−2⟩) (B.25)
ɾ௚ੵ
͜͜Ͱ͸ɺ఺܈ Td ͷط໿දݱͱ௚ੵදݱɺͦͷجఈΛࣔ͢ɻͨͩ͠ɺΓ1 දݱͱͷ௚ੵ
͸ࣗ໌Ͱ͋ΔͨΊলུ͢ΔɻΓ3 ͷجఈΛ {u, v}ɺΓ4 ͷجఈΛ {X˜, Y˜ , Z˜}ɺΓ5 ͷجఈΛ
{X,Y, Z}ͱͨ͠ɻ
Γ3 ⊗ Γ′3 = Γ1 ⊕ Γ2 ⊕ Γ3 (B.26)
Γ1 : uu
′ + vv′ (B.27)
Γ2 : uv
′ − vu′ (B.28)
Γ3 : {uu′ − vv′,−uv′ − vu′} (B.29)
Γ3 ⊗ Γ4 = Γ4 ⊕ Γ5 (B.30)
Γ4 : {(u−
√
3v)X˜, (u+
√
3v)Y˜ ,−2uZ˜} (B.31)
Γ5 : {(
√
3u+ v)X˜, (−√3u+ v)Y˜ ,−2vZ˜} (B.32)
Γ3 ⊗ Γ5 = Γ4 ⊕ Γ5 (B.33)
Γ4 : {(
√
3u− v)X, (−√3u+ v)Y,−2vZ} (B.34)
Γ5 : {(u−
√
3v)X, (u+
√
3v)Y,−2uZ} (B.35)
Γ4 ⊗ Γ′4 = Γ1 ⊕ Γ3 ⊕ Γ4 ⊕ Γ5 (B.36)
Γ1 : X˜X˜
′ + Y˜ Y˜ ′ + Z˜Z˜ ′ (B.37)
Γ3 : {2Z˜Z˜ ′ − X˜X˜ ′ + Y˜ Y˜ ′,
√
3(X˜X˜ ′ − Y˜ Y˜ ′)} (B.38)
Γ4 : {Y˜ Z˜ ′ − Z˜Y˜ ′, Z˜X˜ ′ − X˜Z˜ ′, X˜Y˜ ′ − Y˜ Z˜ ′} (B.39)
Γ5 : {Y˜ Z˜ ′ + Z˜Y˜ ′, Z˜X˜ ′ + X˜Z˜ ′, X˜Y˜ ′ + Y˜ Z˜ ′} (B.40)
Γ4 ⊗ Γ5 = Γ2 ⊕ Γ3 ⊕ Γ4 ⊕ Γ5 (B.41)
Γ2 : X˜X + Y˜ Y + Z˜Z (B.42)
Γ3 : {−
√
3(X˜X − Y˜ Y ), 2Z˜Z − X˜X + Y˜ Y } (B.43)
Γ4 : {Y˜ Z + Z˜Y, Z˜X + X˜Z, X˜Y + Y˜ Z} (B.44)
Γ5 : {Y˜ Z − Z˜Y, Z˜X − X˜Z, X˜Y − Y˜ Z} (B.45)
Γ5 ⊗ Γ′5 = Γ1 ⊕ Γ3 ⊕ Γ4 ⊕ Γ5 (B.46)
Γ1 : XX
′ + Y Y ′ + ZZ ′ (B.47)
Γ3 : {2ZZ ′ −XX ′ − Y Y ′,
√
3(XX ′ − Y Y ′)} (B.48)
Γ4 : {Y Z ′ − ZY ′, ZX ′ −XZ ′, XY ′ − Y X ′} (B.49)
Γ5 : {Y Z ′ + ZY ′, ZX ′ +XZ ′, XY ′ + Y X ′}. (B.50)
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5.1અͰड़΂ͨΑ͏ʹɺΓ3 ͱ Γ1,3,4,5 ͷ௚ੵͰ Γ3 ΛؚΉ૊Έ߹Θͤ͸ɺΓ3 ⊗Γ3 ٴͼɺࣗ
໌ͳ૊Έ߹Θͤ Γ3⊗Γ1 ͷΈͰ͋Δɻ͕ͨͬͯ͠ɺΓ3 جఈঢ়ଶͱྭىঢ়ଶ Γ1 ঢ়ଶͱͷߦ
ྻཁૉΛߟྀ͢Δ͜ͱͰɺடংม਺ʹҟํੑ͕දΕΔ͜ͱ͕Θ͔Δɻ
·ͨɺ͜ΕΒͷ௚ੵදݱΛ༻͍ͯՄೳͳடংม਺΍Ԡ౴Λௐ΂Δ͜ͱ͕Ͱ͖Δɻடংม
਺͸ڧடং͕ E+g : {OF20, OF22}ɺ൓ڧடং͕ E+u : {OAF22 ,−OAF20 } ʹଐ͢Δ*2ɻ͜ΕΒͷ
௚ੵͰͭ͘ΒΕΔط໿දݱͱͦͷجఈ͸ɺ
A+1g : (O
F
20)
2 + (OF22)
2 (B.51)
E+g : {(OF20)2 − (OF22)2,−2OF20OF22} (B.52)
A+1g : (O
AF
20 )
2 + (OAF22 )
2 (B.53)
E+g : {(OF22)2 − (OF20)2, 2OF20OF22} (B.54)
A+1u : O
F
20O
AF
22 −OF22OAF20 (B.55)
A+2u : −(OF20OAF20 +OF22OAF22 ) (B.56)
E+u : {OF20OAF22 +OF22OAF20 , OF20OAF20 −OF22OAF22 } (B.57)
Ͱ͋Δɻடংม਺ʹ͍ͭͯ 3࣍Ͱ͸ɺ
*2 ҎԼͰ͸ط໿දݱΛϚϦέϯه߸ʹΑͬͯද͢ɻTd(Oh) Ͱ͸ϕʔςه߸ͱͷରԠ͸ɺΓ1,2,3,4,5 →
A1, A2, E, T1, T2 ͱͳΔɻԼ෇͖ఴࣈ g, u͸൓సʹؔ͢Δۮ (g (gerade))ح (u ungerade)ɺ্෇͖ఴ
ࣈ͸࣌ؒ൓సʹؔ͢ΔۮحΛද͢
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A+1g : (O
F
20)
3 − 3(OF22)2OF20 (B.58)
A+2g : −OF22((OF20)2 − (OF22)2) (B.59)
E+(1)g : ((O
F
20)
2 + (OF22)
2){OF20, OF22} (B.60)
E+(2)g : {(OF20)3 + (OF22)2OF20, (OF22)3 + (OF20)2OF22} (B.61)
A+1u : O
AF
22 ((O
F
20)
2 − (OF22)2) + 2OAF20 OF20OF22 (B.62)
A+2u : O
AF
20 ((O
F
20)
2 − (OF22)2)− 2OAF22 OF20OF22 (B.63)
E+(1)u : (O
AF
22 O
F
20 −OAF20 OF22){OF20, OF22} (B.64)
E+(2)u : {OAF22 ((OF20)2 + (OF22)2), OAF20 ((OF20)2 + (OF22)2)} (B.65)
A+1g : ((O
AF
22 )
2 − (OAF20 )2)OF20 + 2OAF22 OAF20 OF22 (B.66)
A+2g : ((O
AF
20 )
2 − (OAF22 )2)OF22 + 2OAF22 OAF20 OF20 (B.67)
E+(1)g : ((O
AF
22 )
2 + (OAF20 )
2){OF20, OF22} (B.68)
E+(2)g : {((OAF22 )2 − (OAF20 )2)OF20 − 2OAF22 OAF20 OF22, (OF/AF20 ↔ OF/AF22 )} (B.69)
A+1u : (O
AF
22 )
3 − 3(OAF20 )2OAF22 (B.70)
A+2u : O
AF
20 ((O
AF
22 )
2 − (OAF20 )2) (B.71)
E+(1)u : ((O
AF
22 )
2 + (OAF20 )
2){OAF22 ,−OAF20 } (B.72)
E+(2)u : {(OAF22 )3 + (OAF20 )2OAF22 ,−(OAF20 )3 − (OAF22 )2OAF20 } (B.73)
͕ط໿දݱͰ͋ΔɻA+1g දݱ ((O
AF
22 )
2 − (OAF20 )2)OF20 + 2OAF22 OAF20 OF22 ͔Βɺ൓ڧடংʹ
ڧடং OF20 ͕༠ى͞ΕΔ͜ͱ͕Θ͔Δɻ͜Ε͸ຊจٴͼຊ෇࿥Ͱड़΂ͨϥϯμ΢ཧ࿦ʹ
ΑΔ݁ՌͱҰக͢Δɻ
࣍ʹɺடংม਺ͱ෺ཧྔͱͷ݁߹Λߟ͑Δɻిྲྀ͸ط໿දݱ T−1u ʹଐ͠ɺͦͷجఈ͸
{Jx,Jy,Jz} Ͱ͋Δɻ·ͨɺ࣓Խ͸ط໿දݱ T−1g ʹଐ͠ɺͦͷجఈ͸ {Mx,My,Mz} Ͱ
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͋Δɻ͜ΕΒͷ௚ੵ͔Β࡞ΒΕΔط໿දݱ͸ҎԼͷΑ͏ʹͳΔɻ
T−1u ⊗ T−1g = A+1u ⊕ E−u ⊕ T+1u ⊕ T+2u (B.74)
A+1u : J ·M (B.75)
E+1u : (2JzMx − JxMx − JxMy,
√
3(JxMx − JyMy)) (B.76)
T+1u : {JyMz − JzMy, cyclic} (J ×M) (B.77)
T+2u : {JyMz + JzMy, cyclic} (B.78)
͔͜͜ΒɺE+1u ʹଐ͢Δடংม਺͕ɺ࣓Խͱిྲྀͷੵ͔Β࡞ΒΕΔ E
+
1u දݱ {2JzMx −
JxMx − JxMy,
√
3(JxMx − JyMy)} ͱ݁߹Ͱ͖Δ͜ͱ͕Θ͔Δɻ·ͨɺடংม਺ʹͭ
͍ͯ 3࣍Λߟ͑ΔͱɺA+1u දݱ (O
AF
22 )
3 − 3(OAF20 )2OAF22 ͕ J ·M ͱ݁߹͢Δ͜ͱ͕Ͱ
͖Δɻ͕ͨͬͯ͠ɺOAF22 டং͸ J ·M ͱ݁߹Ͱ͖Δ͕ɺOAF20 ͸݁߹Ͱ͖ͳ͍͜ͱ͕Θ
͔Δɻ͜Ε͸ɺOAF20 ԼͰͷܥ͸ڸө σ
110(11¯0) ͷରশੑΛ΋ͪɺ͜ΕʹΑΓ J ·M ͱͷ
݁߹͕ې͡ΒΕΔͨΊͰ͋Γɺடংม਺ͷΑΓߴ࣍ͷ߲Λߟ͑ͯ΋݁߹͸Ͱ͖ͳ͍ɻOAF20
ͷ 3࣍ͱ݁߹͢Δͷ͸ɺυϨοηϧϋ΢εܕͷ A+2u දݱ Jx(J 2y − J 2z ) + cyclic Ͱ͋Δɻ
ͳ͓ɺOAF22 ͷ 1࣍ɺدੜ͢Δ O
F
20 ͷ 2࣍ͷੵ͔Β΋ A
+
2u දݱ͕࡞ΒΕΔͨΊɺ͜ͷ݁߹
͕ՄೳͰ͋Δɻ
෇࿥ C 2.2અʹؔ͢Δৄࡉ
ຊ෇࿥Ͱ͸ 2.2અͰ༻͍ͨࣜʹ͍ͭͯٞ࿦͢Δɻ
෇࿥ C.1 Bloch-de Dominichͷఆཧ
ຊઅͰ͸४උͱͯ͠ Bloch-de DominichͷఆཧΛࣔ͢ɻ·ͣɺάϥϯυϙςϯγϟϧ
ʹରԠͯ͠ҎԼͷΑ͏ʹK Λఆٛ͢Δɻ
K ≡ H − µN =
∑
k
(ϵk − µ) c†kck ≡
∑
k
ξkc
†
kck (C.1)
͜ͷͱ͖ɺΩ = Tr(e−βK)͕άϥϯυϙςϯγϟϧͱͳΔɻ࣍ʹ४උͱͯ͠ eτKcke−τK
Λܭࢉ͢ΔɻBaker-Hausdorﬀͷެࣜ
eBAe−B = A+ [B,A] +
1
2!
[B, [B,A]] +
1
3!
[B, [B, [B,A]]] + · · · (C.2)
ͱɺ
[K, ck] = −ξkck
[
K, c†k
]
= ξkc
†
k (C.3)
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Λ༻͍ͯܭࢉ͢Δͱɺ
eτKcke
−τK = ck + τ [K, ck] +
τ2
2!
[K, [K, ck]] + · · · , (C.4)
= ck − τξkck + (−τ)
2
2!
ξ2kck + · · · = e−τξkck, (C.5)
eτKc†ke
−τK = eτξkc†k (C.6)
ΛಘΔɻ࣍ʹɺཻࢠ਺ͷظ଴஋ʹϘʔζɺϑΣϧϛ෼෍ؔ਺͕ݱΕΔ͜ͱΛݟΔɻҎԼͰ
දΕΔූ߸͸ c͕ϘʔζԋࢉࢠͰ͋Δ৔߹ʹ্ɺϑΣϧϛԋࢉࢠͰ͋Δ৔߹ʹԼΛͱΔɻ〈
c†kcj
〉
=
1
Z
Tr
(
e−βKc†kcj
)
, (C.7)
=
1
Z
Tr
(
e−βKc†ke
βKe−βKcj
)
, (C.8)
=
1
Z
Tr
(
e−βξkc†ke
−βKcj
)
, (C.9)
= e−βξk
1
Z
Tr
(
e−βKcjc
†
k
)
, (C.10)
= e−βξk
1
Z
Tr
(
e−βK
[
δkj ∓ c†kcj
])
, (C.11)
= e−βξk
(
δkj ∓
〈
c†kcj
〉)
, (C.12)
=
1
eβξk ± 1δkj ≡ f± (ξk) δkj , (C.13)
(C.14)
ͱͳΔɻf ͸ϑΣϧϛ෼෍ؔ਺Ͱ͋ΔɻτϨʔεͷ॥؀ීวੑ Tr(ABC) = Tr(CAB) =
Tr(BCA)Λ༻͍ͨɻ࣍ʹೋମԋࢉࢠͷظ଴஋Λܭࢉ͢Δͱɺ〈
c†1c
†
2c3c4
〉
=
1
Z
Tr
(
e−βKc†1c
†
2c3c4
)
, (C.15)
=
e−βξ1
Z
Tr
(
c†1e
−βKc†2c3c4
)
, (C.16)
= e−βξ1
(〈
c†2c3
〉
δ14 ∓
〈
c†2c3c
†
1c4
〉)
, (C.17)
= e−βξ1
(〈
c†2c3
〉
δ14 ∓
〈
c†2c4
〉
δ13 +
〈
c†2c
†
1c3c4
〉)
, (C.18)
= e−βξ1
(〈
c†2c3
〉
δ14 ∓
〈
c†2c4
〉
δ13 ∓
〈
c†1c
†
2c3c4
〉)
, (C.19)
=
1
e−βξ1 ± 1(⟨c
†
2c3⟩δ14 ∓ ⟨c†2c4⟩δ13), (C.20)
= ⟨c†1c4⟩⟨c†2c3⟩ ∓ ⟨c†1c3⟩⟨c†2c4⟩ (C.21)
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ͱͳΔɻಉ༷ʹͯ͠ n ମԋࢉࢠͷظ଴஋͸Ұମԋࢉࢠͷظ଴஋ͷੵͰද͞ΕΔɻԋࢉࢠ
ͷަ׵ͷճ਺ͷۮحʹΑͬͯූ߸͕มԽ͢Δɻ
෇࿥ C.2 ଟۃࢠײड཰
͜͜Ͱ͸ɺଟۃࢠײड཰Λఆٛ͠ɺ૬ޓ࡞༻͕ͳ͍৔߹ͷදࣜΛಋ͘ɻ
೚ҙͷ෺ཧྔ X,Y ʹର͢Δײड཰Λ
χX,Y (q,ω) ≡ ⟨[Xq, Y−q]⟩(ω + iδ) = −i
∫ ∞
0
dt⟨[Xq(t), Y−q(0)](z)⟩eiωt−δt (C.22)
Ͱఆٛ͢Δɻ͜͜Ͱɺδ > 0͸ແݶখྔͰ͋ΓɺX(Y )q ͸ɺ೾਺ kͰͷόϯυͷফ໓ (ੜ
੒)ԋࢉࢠ c(†)n,k Λ༻͍ͯ
X(Y )q =
∑
k,ij
c†i,k+qXmn(q)cj,k (C.23)
ͱද͞ΕΔͱ͢Δɻଟମݻ༗ঢ়ଶΛ |n⟩ , |m⟩ͱ͢Δͱײड཰͸
χX,Y (q,ω) = −
∑
nm
ρn − ρm
En − Em + ω + iδ ⟨n|Xq|m⟩ ⟨m|Y−q|n⟩ (C.24)
ͱͳΔɻ͜͜Ͱɺ|n⟩ , |m⟩ɺEn, Emɺρnɺρm ͸ΤωϧΪʔݻ༗ঢ়ଶɺΤωϧΪʔɺ౷ܭॏ
ΈͰ͋Δɻ͜ͷͱ͖ɺc†i cj ͔Βͷد༩ͷ෼฼ E
(0)
n − E(0)m ͸ i, j Ҏ֎ͷঢ়ଶͷ઎༗਺ʹΑ
ΒͣҰମͷΤωϧΪʔ ϵi, ϵj ͷࠩ ϵi − ϵj ͱͳΔɻີ౓ ρ(0)n ͸ɺྫ͑͹ |n⟩ = c†1c†2 |0⟩ͷͱ
͖ ρ(0)n = ⟨c†1c†2c2c1⟩ Ͱ͋ΓɺBloch-de DominicisͷఆཧʹΑΓɺ
⟨c†1c†2c3c4⟩ = ⟨c†1c4⟩⟨c†2c3⟩ − ⟨c†1c3⟩⟨c†2c4⟩ (C.25)
ͱͳΔɻ͜͜Ͱ ⟨...⟩ ͸ઁಈ͕ແ͍৔߹ͷظ଴஋Ͱ͋Δɻ·ͨΤωϧΪʔݻ༗ঢ়ଶʹର͠
ͯ c†i cj = δijf(ϵi)Ͱ͋ΔͨΊ (f(ϵ)͸ϑΣϧϛ෼෍ؔ਺ɺδij ͸ΫϩωοΧʔͷσϧλ)ɺ
⟨c†1c†2c2c1⟩ = f1f2 ͱͳΔɻߦྻཁૉ Xij , Yji ͱ ϵi − ϵj ͸ i, j Ҏ֎ͷঢ়ଶͷ઎༗਺ʹΑ
Βͳ͍ͨΊɺi, j Ҏ֎ͷશͯͷҰମঢ়ଶ c†l |0⟩ ͷॏΈ͸઎༗ɺඇ઎༗ͷ৔߹ͷॏΈͷ࿨
fl + (1− fl) = 1ͱͳΔɻ͕ͨͬͯ͠ɺײड཰͸Ұମঢ়ଶΛ༻͍ͯ
χXY (q,ω) = −
∑
i,j
(fi − fj) ⟨j|Xq|i⟩ ⟨i|Y−q|j⟩
ϵi − ϵj + ω + iδ , (C.26)
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ͱද͞ΕΔɻҰମͷݻ༗ঢ়ଶ͸όϯυͰද͞ΕɺX(Y )q ͸ (ࣜ C.23)Ͱ͋Δ͔Βɺײड཰
͸όϯυঢ়ଶ |n,k⟩ = c†n,k |0⟩Λ༻͍ͯ
χXY (q,ω) = −
∑
k,nm
(fn,k+q − fm,k) ⟨n,k + q|Xnm(q)|m,k⟩ ⟨m,k|Ymn(−q)|n,k + q⟩
ϵn,k+q − ϵm,k + ω + iδ ,
(C.27)
Ͱ༩͑ΒΕΔɻ
ྫͱͯ͠ 3.1અͰఆٛͨ͠ Γ8 ໛ܕͷ τx(z) ͷײड཰Λߟ͑Δ (X = Y = τˆx(z))ɻيಓ
දࣔͷফ໓ (ੜ੒)ԋࢉࢠΛ a(†)n,k Ͱද͢ͱɺ
τˆx,zq =
∑
k,mn
a†n,k+q(τ
x(z))nmam,k (C.28)
Ͱ͋Δɻ͜͜Ͱ τx(z) ͸ 8× 8ߦྻͰ͋Δɻόϯυද͕ࣔيಓද͔ࣔΒ
cn,k =
∑
i
Uniai,k (C.29)
ͰಘΒΕΔͱ͖ɺײड཰͸
χτx(z)τx(z)(q,ω) = −
∑
k,nm
∑
ijrp
fn,k+q − fm,k
ϵn,k+q − ϵm,k + ω + iδU
∗
ni(k)Umj(k + q)U
∗
mr(k + q)Ump(k)
× (τx(z))ij(τx(z))rp (C.30)
Ͱ༩͑ΒΕΔɻ
෇࿥ D 2.3અʹؔ͢Δৄࡉ
ຊ෇࿥Ͱ͸ 2.3અͰड़΂ͨஅ೤ۙࣅʹجͮ͘൒ݹయ࿦ʹؔ͢Δৄࡉʹ͍ͭͯड़΂Δɻຊ
෇࿥ͷ಺༰͸จݙ [57]ʹجͮ͘ɻຊ෇࿥Ͱ͸ɺ֎৔͕ͳ͍৔߹ͷ݁থӡಈྔΛ q, ࣌ؒʹ
ͷΈґଘ͢ΔϕΫτϧϙςϯγϟϧͰද͞ΕΔ֎৔͕͋Δ৔߹ͷήʔδෆมͳ݁থӡಈྔ
Λ k = q + eAͱ͢Δɻ
෇࿥ D.1 ϕϦʔҐ૬
෺ཧܥͷ࣌ؒൃల͕ɺύϥϝʔλ R = (R1,R2, ...) Ͱද͞ΕΔ৔߹Λߟ͑Δɻ͢ͳ
Θͪɺ
H = H(R), R = R(t), (D.1)
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Ͱ͋ΔɻR(t) ͸ύϥϝʔλۭؒͷܦ࿏ C ʹԊͬͯे෼Ώͬ͘Γಈ͘ͱ͢Δɻ͜ͷͨΊɺ
֤ tͰͷݻ༗ঢ়ଶ͸ɺRͰͷݻ༗ঢ়ଶͰද͞ΕΔɻ͢ͳΘͪɺ
H(R) |n(R)⟩ = ϵn(R) |n(R)⟩ , (D.2)
Λຬͨ͢ |n(R)⟩ Ͱঢ়ଶΛද͢ɻ͜͜Ͱɺ೚ҙʹͱΔ͜ͱͷͰ͖Δ |n(R)⟩ ͷҐ૬͸ɺR
ͷมԽʹରͯ͠࿈ଓతʹมԽ͢Δ΋ͷͱ͢Δɻஅ೤ੑͷԾఆ͔Βɺܥͷঢ়ଶ͸ɺ೚ҙͷҐ
૬ γn(t)Λ༻͍ͯɺ
|ψn(t)⟩ = eiγn(t) exp
[
− i!
∫ t
0
dt′ϵn(R(t′))
]
|n(R(t))⟩ , (D.3)
ͱද͞ΕΔɻγϡϨʔσΟϯΨʔํఔࣜ
i! ∂
∂t
|ψn(t)⟩ = H(R(t)) |ψn(t)⟩ , (D.4)
ʹ (ࣜ D.3)Λ୅ೖ͠ɺࠨ͔Β ⟨n(R)|Λ͔͚Δ͜ͱͰɺҐ૬ γn ͸
γn =
∫
C
dR · An(R), (D.5)
ͱύϥϝʔλۭؒͰͷੵ෼Ͱ༩͑ΒΕΔɻ͜͜ͰɺϕϦʔ઀ଓ An(R)͸
An(R) = i ⟨n(R)| ∂
∂R
|n(R)⟩ , (D.6)
Ͱఆٛ͞ΕΔɻϕϦʔ઀ଓ͸ήʔδʹґଘ͠ɺήʔδม׵
|n(R)⟩ = eiζ(R) |n(R)⟩ , (D.7)
ʹରͯ͠ɺ
An(R)→ An(R)− ∂
∂R
ζ(R), (D.8)
ͱม׵͢Δɻ͜͜Ͱɺζ(R) ͸೚ҙͷͳΊΒ͔ͷؔ਺Ͱ͋Δɻ্ͷੵ෼͸ɺζ(R(0)) −
ζ(R(T ))ͱมԽ͢Δɻ͜͜ͰɺR(0),R(T )͸ύϥϝʔλܦ࿏্Ͱͷ࢝ঢ়ଶɺऴঢ়ଶͰ͋
Δɻ͜͜ͰɺύϥϝʔλۭؒͰͷดͨ͡ܦ࿏R(0) = R(T )Λߟ͑Δͱɺ|n(R)⟩ͷҰՁੑ
͔Βɺ
ζ(R(0))− ζ(R(T )) = 2π × integer, (D.9)
ͱͳΔɻ͢ͳΘͪɺดͨ͡ܦ࿏ʹ͍ͭͯͷੵ෼
γn =
∮
C
dR · An(R), (D.10)
͸ήʔδʹґଘ͠ͳ͍ɻγn ͸ɺϕϦʔҐ૬ͱݺ͹ΕΔɻϕϦʔҐ૬͸ύϥϝʔλۭؒͰ
ͷܦ࿏ C ͷΈͰܾ·ΓɺR(t)ͷ࣌ؒมԽͷ͔ͨ͠ʹΑΒͳ͍ɻ
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෇࿥ D.2 ϕϦʔۂ཰
ి࣓ؾֶͱͷྨࣅ͔ΒɺϕϦʔۂ཰
Ωnµν(R) =
∂
∂Rµ
Anν (R)−
∂
∂Rν
Anµ(R)
= i
[
⟨∂n(R)
∂Rµ
|∂n(R)
∂Rν
⟩ − (µ↔ ν)
]
(D.11)
Λఆٛ͢Δɻ3࣍ݩͷύϥϝʔλۭؒͰ͸ϕϦʔۂ཰ɺҐ૬͸
Ωn(R) =∇R ×An(R), (D.12)
γn =
∫
S
dS ·Ωn(R), (D.13)
ͱͳΔɻి࣓ؾֶͱͷରԠ͸ɺϕϦʔ઀ଓ͕ϕΫτϧϙςϯγϟϧɺϕϦʔۂ཰͕࣓৔ʹ
ରԠ͢ΔɻϕϦʔۂ཰͸ήʔδʹΑΒͳ͍ͨΊɺ؍ଌՄೳͳྔͰ͋ΔɻϕϦʔۂ཰͸࣍ͷ
Α͏ʹ΋ද͞ΕΔɻ
Ωnµν(R) = i
∑
m ̸=n
⟨n|∂H(R)/∂Rµ|m⟩ ⟨m|∂H(R)/∂Rν |n⟩ − (ν ↔ µ)
(ϵn − ϵm)2 (D.14)
͜͜Ͱɺϵn,m ͸ύϥϝʔλ R Ͱͷ n,m൪໨ͷݻ༗ঢ়ଶͷΤωϧΪʔͰ͋Δɻ͜ͷܗ͸
೾ಈؔ਺ͷඍ෼Λؚ·ͣɺ໌ࣔతʹήʔδෆมͰ͋ΔɻϕϦʔۂ཰͸ ϵn, ϵm ͕ॖୀ͢Δ
఺͕ಛҟ఺ͱͳΓɺύϥϝʔλۭؒͰͷϞϊϙʔϧͱݟͳ͞ΕΔɻ
Ҏ্ͷϕϦʔۂ཰ʹ͍ͭͯͷٞ࿦Λϒϩοϗঢ়ଶʹରͯ͠ద༻͢Δɻ
෇࿥ D.3 Ґஔԋࢉࢠ
ຊ߲Ͱ͸ɺϒϩοϗঢ়ଶʹ࡞༻͢ΔҐஔԋࢉࢠΛٻΊΔɻ
ϒϩοϗిࢠͷҐஔԋࢉࢠ͕ɺଟόϯυʹ֦ு͞ΕͨϕϦʔҐ૬ Amn =
−i ⟨um,q|∇q|un,q⟩Λ༻͍ͯ
rˆ = i∇qδnm −Amn (D.15)
ͱ༩͑ΒΕΔ͜ͱΛࣔ͢ɻҐஔ r Ͱࢦఆ͞ΕΔݻ༗ঢ়ଶΛϒϩοϗؔ਺Λ༻͍ͯల։͢
Δͱɺ
ψ(r) =
∑
n
∫
dqψn(q)ψnq(r) =
∑
n
∫
dqψn(q)unq(r)e
iq·r (D.16)
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ͱͳΔɻಘΒΕΔ΂͖ԋࢉࢠ͸
rˆψ(r) =
∑
n
∫
dqXˆψn(q)ψnq(r) (D.17)
Λຬͨ͢ Xˆ Ͱ͋Δɻฏ໘೾ʹର͢ΔҐஔԋࢉࢠ͸ −i∇q Ͱ͋Δ͔Βɺ
rˆψ(r) =
∑
n
∫
dqψn(q)unq(r)(−i∇qeiq·r) (D.18)
=
∑
n
∫
dqi∇q[ψn(q)unq(r)]eiq·r (D.19)
=
∑
n
∫
dq[i∇qψn(q)unq(r) + ψn(q)i∇qunq(r)]eiq·r (D.20)
ୈೋ߲ΛҎԼͷΑ͏ʹมܗ͢Δɻ∫
dq[ψn(q)i∇qunq(r)]eiq·r (D.21)
=
∫
dqψn(q)
∫
dr′δ(r − r′)i∇qunq(r′)eiq·r (D.22)
=
∫
dqψn(q)
∫
dr′
∑
m
u∗mq(r
′)umq(r)i∇qunq(r′)eiq·r (D.23)
=
∫
dqψn(q)
∑
m
umq(r)
∫
dr′u∗mq(r
′)i∇qunq(r′)eiq·r (D.24)
=
∫
dqψn(q)
∑
m
umq(r)[−Anm(q)]eiq·r (D.25)
= −
∫
dq
∑
m
Anm(q)ψn(q)ψmq(r) (D.26)
(D.27)
ୈҰ߲ͱ·ͱΊΔͱ
rˆψ(r) =
∑
n
∫
dq[(i∇q)ψn(q)ψnq(r)−
∑
m
Anm(q)ψn(q)ψmq(r)] (D.28)
͜Ε͔Β rˆ = i∇qδnm −Amn ͕ಋ͔Εͨɻ
෇࿥ D.4 ଎౓
ຊ߲Ͱ͸ɺ଎౓ԋࢉࢠͷి৔Լͷϒϩοϗঢ়ଶͰͷظ଴஋ΛٻΊΔɻ
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଎౓ԋࢉࢠ v ͸
v(q) = e−iq·rv(r)eiq·r, (D.29)
= e−iq·r(i/!)[r, H]eiq·r, (D.30)
=
∂H(q, t)
∂(!q) (D.31)
Ͱ༩͑ΒΕΔɻ[r,H] = pˆ/m, e−iq·rpˆ/meiq·r = ∂H(q)/∂q Λ༻͍ͨɻ࣌ؒґଘ͢Δ֎
৔ԼͰͷ೾ಈؔ਺͸ɺҰ࣍ઁಈͷൣғͰɺ
|u˜n⟩ = |un⟩ − i!
∑
m ̸=n
⟨um|∂un/∂t⟩
En − Em |um⟩ (D.32)
ͱͳΔͨΊɺظ଴஋ΛऔΔͱ
vn(q) =
∂En
!∂q − i
(∑
m
⟨un|∂H(q)/∂q|um⟩ ⟨um|∂un/∂t⟩
En − Em − c.c.
)
. (D.33)
ͱͳΔɻ֎৔͕ۭؒతʹҰ༷ͳϕΫτϧϙςϯγϟϧ A(t)ʹΑͬͯද͞ΕΔͱ͖ϋϛϧ
τχΞϯ͸
H(q, t) = H(q +
e
!A(t)) (D.34)
ͱද͞Δɻήʔδෆมͳ݁থӡಈྔ
k = q +
e
!A(t) (D.35)
Λఆٛ͢ΔͱɺϋϛϧτχΞϯ͸ kͷΈΛม਺ʹ΋ͭɻ͕ͨͬͯ͠ɺϋϛϧτχΞϯͷ࣌
ؒґଘੑ͸ k(q, t)ʹΑͬͯ༩͑ΒΕΔɻA(t)͸ۭؒతʹҰ༷Ͱ͋ΔͨΊɺq ͸อଘྔͰ
͋Γɺq˙ = 0ͱͳΔɻ͕ͨͬͯ͠ɺ
k˙ =
e
!A˙(t) = −
e
!E (D.36)
͕ܥͷ࣌ؒൃలΛهड़͢Δɻ࣮ࡍʹ q, tͰͷඍ෼͕
∂
∂q
=
∂
∂k
(D.37)
∂
∂t
= − e!E ·
∂
∂k
(D.38)
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Ͱ༩͑ΒΕΔɻ͜ΕΛ଎౓ͷظ଴஋ͷࣜʹ୅ೖ͢Δͱɺ
− i
∑
m
⟨un|∂H(q)/∂q|um⟩ ⟨um|∂un/∂t⟩
En − Em − c.c. (D.39)
= − i!
∑
m
⟨un|∂H(k)/∂k|um⟩E · ⟨um|∂un/∂k⟩
En − Em − c.c. (D.40)
= − i!
∑
m
⟨un|∂H(k)/∂k|um⟩E · ⟨um|∂H(k)/∂k|un⟩
(En − Em)2 − c.c. (D.41)
=
1
!E ×Ω(k) (D.42)
ͱͳΔɻ͜͜Ͱɺ⟨um|H(k)|un⟩ = δnmEnΛ kͰඍ෼ͯ͠ಘΒΕΔ ⟨um|∂H(k)/∂k|un⟩ =
−⟨um|∂un/∂k⟩ − ⟨∂um/∂k|un⟩ Λ࢖ͬͨɻ଎౓ͷظ଴஋͸
vn(k) =
∂En(k)
!∂k +
1
!E ×Ω(k) (D.43)
ͱͳΔɻୈೋ߲͸ҟৗ଎౓ͱݺ͹Εɺి৔ͱ௚ަ͢Δɻ
෇࿥ D.5 يಓ࣓Խ
͜͜Ͱ͸ɺيಓ࣓Խ er × pͷظ଴஋Λܭࢉ͢Δɻيಓ࣓Խʹ͸͢Ͱʹड़΂ͨيಓ࣓ؾ
Ϟʔϝϯτͷ೤ྗֶతฏۉҎ֎ʹɺ೾ଋத৺ͷӡಈͷد༩͕͋Γɺ͜Ε͸ϗʔϧిྲྀʹΑ
Δد༩ͱҰக͢ΔɻҎԼʹ͜ΕΛࣔ͢ɻ
ଋറϙςϯγϟϧ V (r)Λ΋ͭ༗ݶܥΛߟ͑ΔɻόϧΫͰͷΤωϧΪʔ͸όϯυΤωϧ
ΪʔͰ͋Γɺ୺ͰͷΈ V (r)ͷد༩͕͋Δͱ͢Δɻ·ͨɺV (r)͸ݪࢠεέʔϧʹൺ΂ͯ
Ώͬ͘ΓมԽ͠ɺ೾ଋͷඳ૾͸ܥͷ୺Ͱ΋༗ޮͰ͋Δͱ͢Δɻ͜ͷͱ͖ɺిࢠͷΤωϧ
Ϊʔ͸
ϵ˜(r, q) = ϵ(q) + V (r) (D.44)
ͱද͞ΕΔɻϵ(q)͸όϯυͷΤωϧΪʔͰ͋ΔɻV (r)ʹΑͬͯҟৗ଎౓͕ੜ͡ɺ଎౓͸
vn(k) =
∂En(km)
!∂k +
1
!∇V (r)×Ω(k) (D.45)
Ͱ༩͑ΒΕΔɻV (r)͸୺ʹ޲͔ͬͯมԽ͢ΔͨΊɺ্ࣜͷҟৗ଎౓͸ܥͷڥքͱฏߦʹ
ͳΔɻୈҰ߲͸Ґஔʹґଘ͠ͳ͍ͨΊ࣓Խʹ͸د༩͠ͳ͍ɻిࢠͷӡಈ͸ xy ฏ໘಺Ͱɺ
ਤD.1: ిՙத৺ (rc, qc)ͷ೾ଋͷΠϝʔ
δਤɻيಓ࣓Խ͸೾ଋͷࣗݾճసͱ೾
ଋத৺ͷڊࢹతӡಈ͔Βͷد༩͕͋Δɻ
[57]ΑΓసࡌɻ
ܥ͸ x = ±Lʹ୺Λ΋ͭͱͯ͠୯Ґ໘ੵ͋ͨΓͷ z ํ޲ͷ࣓ԽΛٻΊΔͱɺ
Mf =
1
2L
e
!
∫
k
∫ L
−L
dxxvy(k) (D.46)
=
1
2L
e
!
∫
dk
∫ L
−L
dxxf(ϵ(k) + V (x))
∂V (x)
∂x
Ωz(k) (D.47)
=
e
!
∫
dk
∫ ∞
0
dV f(ϵ(k) + V )Ωz(k) (D.48)
=
1
e
∫
dϵf(ϵ)σxy(ϵ) (D.49)
ͱͳΔɻ࠷ޙͷߦͰ e2/!Ωz ͷ઎༗ঢ়ଶͰͷੵ෼͕ϗʔϧ఻ಋ౓ σxy Ͱ༩͑ΒΕΔ͜ͱ
Λ༻͍ͨɻσxy(ϵ) ͸ઈରྵ౓ͰϑΣϧϛΤωϧΪʔ͕ ϵ Ͱ͋Δͱ͖ͷϗʔϧ఻ಋ౓Ͱ͋
Δɻఴࣈ f͸͜ͷد༩͕ (xy ໘಺Λ)ࣗ༝ (free)ʹಈ͘ిࢠ͔Βͷد༩Ͱ͋Δ͜ͱʹ༝དྷ
͢Δɻ(xy ໘಺Ͱ)ہࡏ͢Δిࢠ͔Βͷد༩Ͱ͋Δɺيಓ࣓ؾϞʔϝϯτͷظ଴஋ͷد༩
Λ͋Θͤͯɺيಓ࣓Խ͸
Mz =
∫
dq
(2π)2
f(q)mz(q) +
1
e
∫
dϵf(ϵ)σxy(ϵ) (D.50)
ͱͳΔɻ͜ͷදࣜ͸ɺϕϦʔۂ཰ʹΑΔঢ়ଶີ౓ͷमਖ਼Λߟྀ͢Δͱɺࣗ༝ΤωϧΪʔ F
ͷ࣓৔ B ʹΑΔඍ෼ ∂F/∂B ͱͯ͠΋ಋ͔ΕΔ (D.6) ɻ
ӡಈํఔࣜ
લઅͰ͸࣌ؒʹͷΈґଘ͢Δ֎৔ͷԼͰɺ଎౓ͷظ଴஋͕ vk = ∂ϵk/∂k+ e/!E ×Ωk
ͱ༩͑ΒΕΔ͜ͱΛݟͨɻຊઅͰ͸֎৔͕࣌ؒɺۭؒతʹมԽ͢Δ৔߹ͷ rc,kc ͷ࣌ؒൃ
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లΛߟ͑Δɻి࣓৔ͷ΋ͱͰɺϋϛϧτχΞϯ͸
H =
[p+ eA(r)]2
2m
+ V (r)− eφ(r) (D.51)
ͱද͞ΕΔɻ͜͜Ͱ V (r)͸݁থͷपظϙςϯγϟϧͰ͋Δɻి࣓ϙςϯγϟϧͷಛ௃త
௕͕͞೾ଋͷ޿͕ΓΑΓ΋े෼େ͖͍ͱͯ͠ɺ೾ଋͷ༗ޮϋϛϧτχΞϯ͸ి࣓ϙςϯ
γϟϧΛ೾ଋத৺ rc ͷपΓʹ 1࣍·Ͱల։ͨ͠
H ∼ Hc +∆H (D.52)
Hc =
[p+ eA(rc)]2
2m
+ V (rc)− eφ(rc) (D.53)
∆H =
e
2m
{A(r)−A(rc),p}− eE · (r − rc) (D.54)
Λߟ͑Δɻఆ਺ A(rc)͸೾ಈؔ਺ͷҐ૬Λม͑Δ͚ͩͰ͋ΔͨΊɺ೾ଋ |W ⟩͸ి࣓৔͕
ͳ͍ͱ͖ͷ೾ଋ |W0⟩Λ༻͍ͯ
|W (kc, rc)⟩ = exp(− e!A(rc) · rc) |W0(kc, rc)⟩ (D.55)
ͱද͞ΕΔɻҎԼɺ࠷খ࡞༻ͷݪཧʹΑΓӡಈํఔࣜΛٻΊΔɻϥάϥϯδΞϯ͸
L = ⟨W |i! ∂
∂t
−H|W ⟩ (D.56)
Ͱ͋ΓɺΦΠϥʔɾϥάϥϯδϡํఔࣜʹΑͬͯӡಈํఔ͕ࣜಘΒΕΔɻ(ࣜD.15)ʹΑΓ
⟨W |i!∂/∂t|W ⟩ = e ⟨W0| ∂
∂t
(A(rc) · rc)|W0⟩ (D.57)
= eA˙ ·Rc − ! ∂
∂t
argw(kc, t), (D.58)
⟨W |∆H|W ⟩ = −m(k) ·B (D.59)
ͱͳΔͨΊɺϥάϥϯδΞϯ͸
L = !k · r˙ − ϵM (k) + eφ(r)− er˙ ·A(r, t) + !k˙ · An(k) (D.60)
ͱͳΔɻ͜͜ͰɺϵM (k) = ϵ0(k) −B ·m(k)Ͱ͋Γɺఴࣈ c͸লུͨ͠ɻΦΠϥʔํఔ
ࣜΑΓɺӡಈํఔࣜ͸ɺ
r˙ = !−1 ∂ϵM (k)
∂k
− k˙ ×Ω(k) (D.61)
!k˙ = −eE − er˙ ×B (D.62)
ͱٻ·Δɻ
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ঢ়ଶີ౓ͷमਖ਼
ϕϦʔۂ཰͸ిࢠͷಈྗֶతੑ࣭ͷΈͰͳ͘ɺ૬ۭؒͷঢ়ଶີ౓΋ิਖ਼͢Δɻ͋Δԋࢉ
ࢠ Oˆ ͷظ଴஋͸ɺ෼෍ؔ਺ fnk Λ༻͍ͯ∑
nk
fnk ⟨ψnk|Oˆ|ψnk⟩ (D.63)
ͱද͞ΕΔɻɹ௨ৗɺ൒ݹయతۃݶͰ͸࿨͸ੵ෼ʹஔ͖׵͑ΒΕɺ∑
nk
→ 1
V
∫
dk
(2π)d
(D.64)
ͱͳΔɻ(2π)d ͸೾਺ k ͷ୯Ґମੵ͋ͨΓͷঢ়ଶ਺Ͱ͋Δɻ೾ଋඳ૾Ͱ͸ kc, rc ͸ਖ਼४
ม਺Ͱ͸ͳ͘ɺ૬ۭؒͷମੵཁૉ∆V = ∆r∆k ͸ kc, rc Λ௨ͯ࣌ؒ͠ൃల͢Δɻ࣌ؒൃ
ల͸
1
∆V
∂∆V
∂t
=∇r · r˙ +∇k · k˙ (D.65)
Ͱ༩͑ΒΕΔɻӡಈํఔࣜΛ୅ೖ͢Δͱɺ
∆V =
V0
1 + (e/!)B ·Ω (D.66)
ͱͳΔɻ(r,k)͸ঢ়ଶΛࢦఆ͢Δม਺Ͱ͋Γɺ࣌ؒൃలΛཅʹؚ·ͳ͍ͨΊɺमਖ਼͞Εͨ
ঢ়ଶີ౓
D(r,k) =
1
(2π)d
(
1 +
e
!B ·Ω
)
(D.67)
Λಋೖ͢Δͱ D(r,k)∆V ͸࣌ؒʹΑΒͳ͍ఆ਺ͱͳΔɻ
෇࿥ D.6 يಓ࣓Խͷ೤ྗֶతͳಋग़
͜͜Ͱ͸ɺيಓ࣓Խ (ࣜ D.50)Λ೤ྗֶతʹಋग़͢Δɻ࣓Խ͸άϥϯυΧϊχΧϧϙς
ϯγϟϧͷ࣓৔Ͱͷภඍ෼Ͱ༩͑ΒΕΔɻάϥϯυΧϊχΧϧϙςϯγϟϧ͸ɺ࣓৔ͷҰ
࣍·ͰͷൣғͰҎԼͷΑ͏ʹද͞ΕΔɻ
F = − 1
β
∑
k
ln
(
1 + e−β(ϵM−µ)
)
, (D.68)
= − 1
β
∫
dk
(2π)d
(
1 +
e
!B ·Ω
)
ln
(
1 + e−β(ϵM−µ)
)
(D.69)
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͜͜Ͱɺd ͸ܥͷ࣍ݩͰ͋ΔɻిࢠͷΤωϧΪʔ ϵM = ϵ(k) −m(k) · B ʹ͸يಓ࣓
ؾϞʔϝϯτʹΑΔิਖ਼ɺঢ়ଶີ౓ʹ͸ϕϦʔۂ཰ʹΑΔิਖ਼ؚ͕·ΕΔɻيಓ࣓Խ͸
M = −( ∂F∂B )µ,T Ͱ༩͑ΒΕɺ
M =
∫
dk
(2π)d
f(k)m(k) +
1
β
∫
dk
(2π)d
e
!Ω(k) ln
(
1 + e−β(ϵ−µ)
)
(D.70)
ͱͳΔɻୈೋ߲Λ෦෼ੵ෼͢Δͱɺz੒෼ʹରͯ͠
Mz =
∫
dq
(2π)d
f(q)mz(q) +
1
e
∫
dϵf(ϵ)σxy(ϵ), (D.71)
σxy(ϵ) =
e2
!
∫
dq
(2π)d
Θ(ϵ− ϵ(q))Ωz(q) (D.72)
ΛಘΔɻଞͷ੒෼ʹؔͯ͠΋ɺσ ͷఴࣈΛ॥؀తʹೖΕସ͑ͯಉ༷ʹٻΊΒΕΔɻ
ྫ (2όϯυ)
ຊઅͰ͸ɺ2όϯυͷϞσϧͰͷϕϦʔۂ཰ Ωɺيಓ࣓ؾϞʔϝϯτmΛٻΊɺόϯ
υͷॖୀ఺͕ϕϦʔۂ཰ͷ୯ۃࢠͷΑ͏ʹৼΔ෣͏͜ͱΛࣔ͢ɻ2όϯυϞσϧͷϋϛϧ
τχΞϯ͸ɺҰൠʹ
H(k) = d0(k)σ
0 + d(k) · σ (D.73)
ͱද͞ΕΔɻݻ༗ঢ়ଶ͸ɺ
|−⟩ = 1√
2d(d+ dz)
(−dx + idy
d+ dz
)
(D.74)
|+⟩ = 1√
2d(d+ dz)
(
d+ dz
−dx − idy
)
. (D.75)
Ͱ͋ΔɻϕϦʔۂ཰͸
Ωij± = ∓
⟨−|∂id · σ|+⟩ ⟨+|∂jd · σ|−⟩
2|d|2 (D.76)
= ∓ 1
2|d|2 ∂idα∂jdβ(⟨−|σ
ασβ |−⟩ − ⟨−|σα|−⟩ ⟨−|σβ |−⟩). (D.77)
ܭࢉʹඞཁͳ୅਺͸ɺ
σασβ = δαβ + iϵαβγσ
γ (D.78)
⟨−|σα|−⟩ = −dα/|d| (D.79)
⟨+|σα|+⟩ = dα/|d|, (D.80)
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Ͱ͋Γɺ͜ΕΒΛ༻͍ͯɺ
Ωij± = ∓
1
2|d|2 ϵαβγ∂idα∂jdβ ⟨−|σ
γ |−⟩ (D.81)
= ∓ 1
2|d|3d · (∂id× ∂jd). (D.82)
ͱٻ·Δɻيಓ࣓ؾϞʔϝϯτ͸
mij±(k) = −
e
!
d(k)
|d(k)|2 · (∂id(k)× ∂jd(k)). (D.83)
ͱͳΔɻd(k) = kͷ৔߹Λߟ͑ΔͱɺϕϦʔۂ཰͸
Ω± = ∓ k
2|k|3 (D.84)
ͱ༩͑ΒΕΔɻϕϦʔۂ཰͕೾਺ۭؒͰͷϞϊϙʔϧͰ͋Δ͜ͱ͕Θ͔ΔɻϞϊϙʔϧΛ
ғΉੵ෼͸ɺ ∫
S
dS ·Ω± = ∓2π (D.85)
ͱͳΔɻҰൠʹϕϦʔۂ཰ΛғΉੵ෼͸ 2π ͷ੔਺ഒʹྔࢠԽ͞ΕΔɻ
෇࿥ D.7 2όϯυϞσϧͷيಓ࣓Խ
͜͜Ͱ͸ɺεϐϯيಓ૬ޓ࡞༻ΛؚΉ 2όϯυϞσϧʹର͢Δيಓ࣓ԽͷܭࢉͷৄࡉΛ
ه͢ɻϋϛϧτχΞϯ͸ɺεϐϯۭؒʹ࡞༻͢Δύ΢ϦߦྻΛ σ ͱͯ͠
H(k) =
!2k2
2m
σ0 + λk · σ (D.86)
ͱ͢Δɻλ߲͕εϐϯيಓ૬ޓ࡞༻Ͱۭؒ൓సରশੑΛഁ͍ͬͯΔɻલ߲Ͱड़΂ͨҰൠࣜ
Λ༻͍ͯيಓ࣓ؾϞʔϝϯτ͸
morb± = −
e
!
k
2|k|2 (D.87)
ͱͳΔɻεϐϯʹΑΔ࣓ؾϞʔϝϯτ͸
mspin± = ∓µB
k
2|k| sgn(λ) (D.88)
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ͱͳΔɻλ߲ʹΑͬͯϑΣϧϛ໘͸ 2ͭʹ෼྾͠ɺεϐϯʹΑΔ࣓ؾϞʔϝϯτ͸ 2ͭͷ
ϑΣϧϛ໘Ͱٯූ߸ɺيಓ࣓ؾϞʔϝϯτ͸ಉූ߸Ͱ͋Δɻ࣓Խʹد༩͢Δͷ͸ϑΣϧϛ
໘ Ek = !2/2mk2 ± |λk| = EF ෇ۙͷঢ়ଶͰ͋Δ͔ΒɺϑΣϧϛ೾਺͸
|k|± = m!2
(
|λ|∓
√
λ2 − 2!
2|λ|
m
EF
)
(D.89)
Ͱ͋Δɻ଎౓͸
v±(k) =
!2
m
k ± |λ| k|k| (D.90)
Ͱ͋Γɺόϯυ ±ͷঢ়ଶີ౓͸
1
V
(dN
dE
)
±
(k) =
1
(2π)3
4πk2
v± · kˆ
(D.91)
=
1
2π
k2
!2
m |k| ± |λ|
(D.92)
Ͱ͋Δɻઈରྵ౓Ͱ zํ޲ʹి৔Λ͔͚ͨͱ͖ͷ zํ޲ʹ༠ى͞ΕΔ࣓Խ͸ɺϑΣϧϛ໘
Ͱͷ࣓ؾϞʔϝϯτɺঢ়ଶີ౓ɺ଎౓ͷੵͰ
Mz =
∑
±
(dN
dE
)
±
(k±)mz,±(k±)vz,±(k±) (D.93)
ͱ༩͑ΒΕΔɻM = αE Ͱఆٛ͞ΕΔ܎਺ α ͷεϐϯɺيಓ࣓ؾϞʔϝϯτ͔Βͷد
༩͸
αspin = −8
3
µB
eτ
(2π)2!
mλ
!2
√
m2λ2
!4 +
2mEF
!2 , (D.94)
αorb =
4
3
µB
eτ
(2π)2!
mλ
!2
√
m2λ2
!4 +
2mEF
!2 (D.95)
ͱͳΔɻ
෇࿥ E ڧଋറ໛ܕͷৄࡉ
ຊ෇࿥Ͱ͸ p يಓిࢠ͔Βͭ͘Δ Γ8 ໛ܕͷߏ੒ͷৄࡉΛड़΂ΔɻҎԼɺຊ෇࿥Ͱ͸
s يಓͱ p يಓͷࠞ੒ΛؚΜͩ 12 όϯυ໛ܕʹ͍ͭͯల։͢Δ͕ɺຊݚڀͰ༻͍ͨ Γ8
໛ܕ͸ p೾ͷΈ͔Βߏ੒͞Ε͍ͯΔͨΊɺΓ8 ໛ܕʹؔ͢ΔݶΓɺ͢΂ͯͷϗοϐϯάͰ
tssσ = tspσ = 0ͱ͢Δɻ
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·ͣɺݪࢠيಓঢ়ଶΛߟ͑ΔɻpيಓͷجఈΛҎԼͷΑ͏ʹ px, py, pz ʹͱΔɻ
|x⟩ = 1√
2
(− |1, 1⟩+ |1,−1⟩), (E.1)
|y⟩ = 1√
2
(|1, 1⟩+ |1,−1⟩), (E.2)
|z⟩ = |1, 0⟩ . (E.3)
͜͜Ͱɺ|l,m⟩͸֯ӡಈྔͱͦͷ z੒෼ͷݻ༗ঢ়ଶͰ͋Δɻp೾ͷҐ૬͸ɺٿ໘ௐ࿨ؔ਺͕
࣌ؒ൓సԋࢉࢠ T ʹରͯ͠ TY ml = (−1)mY −ml ͱม׵͢ΔΑ͏ʹఆٛ͢ΔɻҰൠʹཱ
ํௐ࿨ؔ਺ Ylm(m͸Լ෇͖)͸࣍ͷΑ͏ʹఆٛ͞Εɺl = 1্͕ͷ x, y, z ͷجఈͰ͋Δɻ
Yl0 = Y
0
l , (E.4)
Ylm =
1√
2
((−1)mY ml + Y −ml ) for m > 0, (E.5)
Ylm =
1√
2i
((−1)|m|Y |m|l − Y −|m|l ) for m < 0. (E.6)
ݪࢠيಓͰͷεϐϯيಓ૬ޓ࡞༻HSO = λL·S͸ (|x, ↑⟩ , |y, ↑⟩ , |z, ↑⟩ , |x, ↓⟩ , |y, ↓⟩ , |z, ↓⟩)
ͷجఈͰɺҎԼͷΑ͏ʹද͞ΕΔɻ
Hso =
1
2
λ(Λ1σ1 + Λ2σ2 + Λ3σ3), (E.7)
͜͜ͰɺΛ͸ҎԼͰ༩͑ΒΕΔɺήϧϚϯߦྻͰ͋Δɻ
Λ1 =
⎛⎝0 0 00 0 −i
0 i 0
⎞⎠ , Λ2 =
⎛⎝ 0 0 i0 0 0
−i 0 0
⎞⎠ , Λ3 =
⎛⎝0 −i 0i 0 0
0 0 0
⎞⎠ , (E.8)
Λ4 =
⎛⎝0 0 00 0 1
0 1 0
⎞⎠ , Λ5 =
⎛⎝0 0 10 0 0
1 0 0
⎞⎠ , Λ6 =
⎛⎝0 1 01 0 0
0 0 0
⎞⎠ , (E.9)
Λ7 =
⎛⎝1 0 00 −1 0
0 0 0
⎞⎠ , Λ8 = 1√
3
⎛⎝1 0 00 1 0
0 0 −2
⎞⎠ , Λ0 =
⎛⎝1 0 00 1 0
0 0 1
⎞⎠ . (E.10)
ήϧϚϯߦྻ͸يಓ֯ӡಈྔԋࢉࢠͱҎԼͷؔ܎͕͋Δɻ
Λa = (Lx, Ly, Lz), (E.11)
Λb = −({Ly, Lz}, {Lz, Lx}, {Lx, Ly}), (E.12)
Λc = −(L2x − L2y, 2L2z − L2x − L2y) (E.13)
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࣍ʹϗοϐϯάΛߟ͑Δɻ֤ϗοϐϯάͷભҠཁૉ͸εϨʔλʔɾίελʔύϥϝʔλ
ͱϗοϐϯάͷํ޲༨ݭ (lx, ly, lz)ͰҎԼͷΑ͏ʹද͞ΕΔɻ
⟨s|H|s⟩ = tssσ, (E.14)
⟨s|H|px⟩ = lxtspσ, (E.15)
⟨px|H|px⟩ = l2xtppσ + (1− l2x)tppπ, (E.16)
⟨px|H|py⟩ = lxly(tppσ − tppπ) (E.17)
͜ΕΛ༻͍ͯɺ͢΂ͯͷϗοϐϯάʹ͍ͭͯ࿨ΛͱΔͱɺҎԼͷΑ͏ʹͳΔɻ
࠷ۙ઀ϗοϐϯά (1/4, 1/4, 1/4౳)
⟨s|H|s⟩ = 4tssσ(cxcycz − isxsysz), (E.18)
⟨s|H|pµ⟩ = −4
√
3
3
tspσ(sµsνcρ − icµcνsρ), (E.19)
⟨pµ|H|pµ⟩ = 4
3
(tppσ + 2tppπ)(cxcycz − isxsysz), (E.20)
⟨pµ|H|pν⟩ = −4
3
(tppσ − tppπ)(sµsνcρ − icµcνsρ), (E.21)
͜͜Ͱɺcµ = cos(kµ/4), µ = x, y, zɺν ̸= µͰ͋Δɻ
࣍࠷ۙ઀ϗοϐϯά (1/2, 1/2, 0౳)
⟨s|H|s⟩ = 4tssσ(cxcy + cycz + czcx), (E.22)
⟨s|H|pµ⟩ = 2
√
2itspσsµ(cν + cρ), (E.23)
⟨pµ|H|pµ⟩ = 2(tppσ + tppπ)cµ(cν + cρ) + 2tppπcνcρ, (E.24)
⟨pµ|H|pν⟩ = −2(tppσ − tppπ)sµsν , (E.25)
͜͜Ͱɺcµ = cos(kµ/2), µ = x, y, z Ͱ͋Δɻ
s− s, s− pͷભҠΛදͨ͢ΊɺҎԼͷΑ͏ʹ 16ݸͷ 4× 4ͷߦྻΛಋೖ͢Δɻ
Λµ =
(
01×1 01×3
03×1 Λ
µ
3×3
)
, (E.26)
Γ0 =
(
11×1 01×3
03×1 03×3
)
, Γν =
(
01×1 Aν
Aν† 03×3
)
, (E.27)
͜͜ʹɺµ = 0 ∼ 8, ν = 1 ∼ 6ɺΛµ3×3͸ήϧϚϯߦྻɺA1,2,3,4,5,6 = (i, 0, 0), (0, i, 0), (0, 0, i),
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(1, 0, 0), (0, 1, 0), (0, 0, 1)Ͱ͋Δɻεϐϯࣗ༝౓Λ σɺ෭֨ࢠͷࣗ༝౓Λ γ Ͱද͢ͱɺϋ
ϛϧτχΞϯ͸࣍Ͱද͞ΕΔɻ
H(k) =
(
Es2k Γ0 + Ep2k Λ0 + η2Imk · Γa + di,2k ·Λi
)
σ0γ0
+
(
Es1Rek Γ0 + Ep1Rek Λ0 + η1Imk · Γa + di,1Rek ·Λi
)
σ0γx
+
(
Es1Imk Γ0 + Ep1Imk Λ0 + η1Rek · Γa + di,1Imk ·Λi
)
σ0γy
+
1
2
λΛa · σγ0 + (EsΓ0 + EpΛ0)σ0γ0, (E.28)
͜͜Ͱɺi = b, c (i ͷ࿨ͷه߸͸লུͨ͠), Λa = (Λ1,Λ2,Λ3),Λb = (Λ4,Λ5,Λ6),
Λc = (Λ7,Λ8),Γa = (Γ1,Γ2,Γ3),Γb = (Γ4,Γ5,Γ6), Es,p ͸ͦΕͧΕ s, p ిࢠͷݪࢠي
ಓͷΤωϧΪʔͰ͋Δɻ೾਺ґଘΛ࣋ͭ܎਺͸ҎԼͰ༩͑ΒΕΔɻ
Es1k = ⟨s|H111|s⟩ , (E.29)
Ep1k =
1
3
(⟨px|H111|px⟩+ ⟨py|H111|py⟩+ ⟨pz|H111|pz⟩), (E.30)
η1µk = ⟨s|H111|pµ⟩ , (E.31)
db,1µk = ⟨pν |H111|pρ⟩ , (E.32)
dc,11k =
1
2
(⟨px|H111|px⟩ − ⟨py|H111|py⟩) = 0, (E.33)
dc,12k =
1
2
√
3
(2 ⟨pz|H111|pz⟩ − ⟨px|H111|px⟩ − ⟨py|H111|py⟩) = 0, (E.34)
Es2k = ⟨s|H110|s⟩ , (E.35)
Ep2k =
1
3
(⟨px|H110|px⟩+ ⟨py|H110|py⟩+ ⟨pz|H110|pz⟩), (E.36)
η2µk = ⟨s|H110|pµ⟩ , (E.37)
db,2µk = ⟨pν |H110|pρ⟩ , (E.38)
dc,21k =
1
2
(⟨px|H110|px⟩ − ⟨py|H110|py⟩), (E.39)
dc,22k =
1
2
√
3
(2 ⟨pz|H110|pz⟩ − ⟨px|H110|px⟩ − ⟨py|H110|py⟩) (E.40)
֤ߦྻ͸ҎԼͷط໿දݱʹଐ͢Δɻ
Λ1,2,3 ∈ T−1g, Λ4,5,6 ∈ T+2g, Λ7,8 ∈ E+g ,Γ1,2,3 ∈ T−1u, Γ4,5,6 ∈ T+1u, σ1,2,3 ∈ T−1g, γx ∈
A+1g, γ
y ∈ A−2u, γz ∈ A+2u
ܥ͸࣌ؒ൓సͱۭؒ൓సʹؔͯ͠ରশͰ͋ΔͨΊɺ࣌ؒɺۭؒ൓సʹରͯ͠ͱ΋ʹۮ (ح)
ͷߦྻͷΈ͕༗ݶͷ܎਺Λ࣋ͪɺ܎਺͸೾਺ kʹؔͯ͠ۮ (ح)Ͱ͋Δɻ
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શ֯ӡಈྔ͸ҎԼͷΑ͏ʹද͞ΕΔɻ
J = L+ S, (E.41)
L = Λa, (E.42)
S =
1
2
σ. (E.43)
શ֯ӡಈྔͷݻ༗ঢ়ଶ΁ͷࣹӨ͸ҎԼͰ༩͑ΒΕΔɻ
P3/2 =
1
3
J2 − 1
4
=
2
3
+
2
3
L · S, (E.44)
P1/2 =
5
4
− 1
3
J2 =
1
3
− 2
3
L · S, (E.45)
ఴࣈ 3/2, 1/2͸ pيಓ͔ΒͳΔશ֯ӡಈྔΛද͢ɻsيಓ΁ͷࣹӨ͸ Ps = Γ0 Ͱද͞Ε
ΔɻࣹӨԋࢉࢠΛࠨӈ͔Β࡞༻ͤͨ͞ঢ়ଶΛߟ͑ΔɻࣹӨԋࢉࢠΛҰൠతʹ
P = a+ bL · S, (E.46)
P ′ = a′ + b′L · S (E.47)
ͱදͯ͠ɺϋϛϧτχΞϯ
H = ϵΛ0 + η ·Λb + d ·Λc + λL · S (E.48)
ʹ࡞༻ͤ͞Δɻ͜͜Ͱɺ෭֨ࢠࣗ༝౓͸֯ӡಈྔͱަ׵͢ΔͨΊʹলུͨ͠ɻPHP ′ ͸
ҎԼͷΑ͏ʹͳΔɻ
PHP ′ = aa′(ϵΛ0 + η ·Λb + d ·Λc)
+
ab′ + a′b
2
(
2ϵΛa · σ + ηµ(σνΛρ + σρΛν)
+ dx(σ
1Λ1 − σ2Λ2) + 1√
3
dz(σ
1Λ1 + σ2Λ2 − 2σ3Λ3)
)
+
(ab′ − a′b)i
2
(
η · (Λb × σ)− 2ηµσµΛ˜7(µ)
− dx(σ1Λ4 + σ2Λ5 − 2σ3Λ6) + 1√
3
dz(σ
1Λ4 − σ2Λ5)
)
− bb
′
4
(
−2ϵΛ0 + η ·Λb + d ·Λc
+ ϵΛa · σ + ηµ(σνΛρ + σρΛν)
+ dx(σ
1Λ1 − σ2Λ2) + 1√
3
dz(σ
1Λ1 + σ2Λ2 − 2σ3Λ3)
)
+
1
2
λ(aa′ + a′b− bb
′
2
+ (
bb′
4
+
ab′ − a′b
2
)Λa · σ) (E.49)
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͜͜ͰɺΛ˜7(1,2,3) = diag{(0, 1,−1), (−1, 0, 1), (1,−1, 0)}, µ ̸= ν, ρͰ͋Δɻ
ࠓɺJ = 3/2ͷঢ়ଶͷΈߟ͑Δͱɺ(a = b = 2/3)ͱͯ͠ɺ
P3/2HP3/2 =
2
3
ϵΛ0 +
1
3
(η ·Λb + d ·Λc) + 7
9
ϵΛa · σ + 1
3
(
ηµ(σνΛρ + σρΛν)
+ dx(σ
1Λ1 − σ2Λ2) + 1√
3
dz(σ
1Λ1 + σ2Λ2 − 2σ3Λ3)
)
+
1
3
λ
(
1 +
1
6
Λa · σ
)
(E.50)
ͱͳΔɻଞͷঢ়ଶʹؔ࿈͢Δཁૉ͸
P1/2HP1/2 =
1
3
ϵΛ0 +
1
9
ϵΛa · σ + λ
(
−1
6
+
1
9
Λa · σ
)
(E.51)
P3/2HP1/2 = − i3
(
η · (Λb × σ)− 2ηµσµΛ˜7(µ)
− dx(σ1Λ4 + σ2Λ5 − 2σ3Λ6) + 1√
3
dz(σ
1Λ4 − σ2Λ5)
)
− 1
9
ϵΛa · σ − 7
18
λΛa · σ (E.52)
Ͱ͋Δɻ
Γ3 ࣗ༝౓ʹؔ࿈͢ΔϞʔϝϯτ͸ҎԼͷΑ͏ʹද͞ΕΔɻ
J2x − J2y = −Λ7 + (Λ1σ1 − Λ2σ2), (E.53)
2J2z − J2x − J2y =
√
3Λ8 + (2Λ3σ3 − Λ1σ1 − Λ2σ2), (E.54)
JxJyJz = −1
4
(Λ4σ1 + Λ5σ2 + Λ6σ3) (E.55)
J = 3/2ͷঢ়ଶΛ Γ8 = Γ3 ⊗ Γ6 ͱͯ͠ɺΓ3 ࣗ༝౓ʹ࡞༻͢Δύ΢Ϧߦྻ τ Λ࣍ͷΑ͏
ʹఆٛ͢Δɻ
τx = (J2x − J2y )/
√
3 =
1√
3
Λ7 +
1√
3
(σ1Λ1 − σ2Λ2), (E.56)
τz = (2J2z − J2x − J2y )/3 =
1√
3
Λ8 +
1
3
(2σ3Λ3 − σ1Λ1 − σ2Λ2), (E.57)
τyσµ = (JνJρ + JρJν)/
√
3 =
1√
2
(σνΛρ + σρΛν) (E.58)
͜͜Ͱɺ(µ, ν, ρ) = (x, y, z), (y, z, x), (z, x, y) Ͱ͋Δɻσ ͸ Γ6 ࣗ༝౓ʹ࡞༻͢Δɻτ,σ
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Λ༻͍ͯɺશ֯ӡಈྔ͸ҎԼͷΑ͏ʹද͞ΕΔɻ
Jx = σ
x(1/2− 1/2τz +√3/2τx), (E.59)
Jy = σ
y(1/2− 1/2τz −√3/2τx), (E.60)
Jz = −σz(1/2 + τz). (E.61)
·ͨɺεϐϯɺيಓ֯ӡಈྔΛ J = 3/2ʹࣹӨͨ͠ԋࢉࢠ͸ҎԼͰ༩͑ΒΕΔɻ
Sx = σ
x(
1
6
− 1
6
τz +
1
2
√
3
τx), (E.62)
Sy = σ
y(
1
6
− 1
6
τz − 1
2
√
3
τx), (E.63)
Sz = −σz(1
6
+
1
3
τz), (E.64)
Lx = σ
x(
1
3
− 1
3
τz +
1√
3
τx), (E.65)
Ly = σ
y(
1
3
− 1
3
τz − 1√
3
τx), (E.66)
Lz = −σz(1
3
+
2
3
τz) (E.67)
ͳ͓ɺࣹӨԋࢉࢠΛؚΉܭࢉʹ༻͍ͨήϧϚϯߦྻͷަ׵ؔ܎ɺ൓ަ׵ؔ܎͸ҎԼͷΑ
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͏ʹ·ͱΊΒΕΔɻ
[Λµ,Λν ] = 2ifµνρΛ
ρ, (E.68)
{Λµ,Λν} = 4
3
δµν + 2idµνρΛ
ρ, (E.69)
f367 = −1, (E.70)
f123 = f156 = f246 = f257 = f345 = −1
2
, (E.71)
f147 =
1
2
, (E.72)
f148 = −f458 = −
√
3
2
, (E.73)
d338 = d668 = d778 =
1√
3
, (E.74)
d888 = − 1√
3
, (E.75)
d126 = d234 = d456 = d557 =
1
2
, (E.76)
d135 = d117 = d447 = −1
2
, (E.77)
d118 = d228 = d448 = d558 = − 1
2
√
3
(E.78)
fµνρ ͸׬શ൓ରশςϯιϧɺdµνρ ͸׬શରশςϯιϧͰ͋Δɻ
෇࿥ F όϯυͷॖୀͷৄࡉ
ຊ෇࿥Ͱ͸ɺόϯυͷॖୀ఺ͱͦͷपғͰͷ෼ࢄʹ͍ͭͯͷৄࡉΛड़΂ΔɻΓ ఺΍ X
఺Ͱόϯυ͕ॖୀ͢Δ͜ͱɺͦͷ෇ۙͰσΟϥοΫɺϫΠϧ෼ࢄͱͳΔ͜ͱΛࣔ͢ɻ
෇࿥ F.1 டং͕ͳ͍৔߹
Γ఺Ͱ͸ϋϛϧτχΞϯ͸෭֨ࢠۭؒͰର֯Խ͞ΕΔɻA,B ෭֨ࢠͷجఈ͔Βɺ݁߹ɺ
൓݁߹ͷجఈʹม׵͢ΔϢχλϦԋࢉࢠ͸ U = (γx+ γz)/
√
2Ͱ༩͑ΒΕɺΤωϧΪʔ͸
E0 = E0 ± |∆0|Ͱ͋ΔɻΓ఺ͰͷϋϛϧτχΞϯΛແઁಈϋϛϧτχΞϯͱ͠ɺઁಈʹ
Αͬͯ Γ఺෇ۙͷ༗ޮϋϛϧτχΞϯΛٻΊΔɻΓ఺Ͱ͸ 4ॏॖୀͰɺ༗ޮϋϛϧτχΞ
ϯͷࣗ༝౓͸ 4Ͱ͋Δɻ1࣍ઁಈ͸݁߹ɺ൓݁߹ঢ়ଶؒͰͷભҠΛؚ·ͳ͍ɺγ0,x ͷ߲Ͱ
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͋Γɺ2࣍ઁಈ͸ γy ͷ߲Ͱ͋Δɻ༗ޮϋϛϧτχΞϯ͸ҎԼͰ༩͑ΒΕΔɻ
Heﬀ(k) = g0kΓ
0 + gk · Γ (F.1)
g0k = Ek ± |∆Rek | ±
|∆Imk |2 + |ηImk |2 + |d′Imk |2
|∆Re0 |
(F.2)
gµk = η
′
νk ± ηReνk ±
2∆Imk η
Re
νk
|∆Re0 |
(F.3)
g4,5k = dx,zk ± d′Rex,zk ±
2∆Imk d
′Re
x,zk
|∆Re0 |
, (F.4)
µ = 1, 2, 3(x, y, z). (Γ1,Γ2,Γ3,Γ4,Γ5) = (σxτy,σyτy,σzτy,σ0τx,σ0τz). 2࣍ઁಈʹද
ΕΔ߲ͷ͏ͪɺ|ηImk |2/|∆Re0 |ͷ߲ͷΈ͕ kͷ 2࣍Ͱ͋Γɺ2࣍ઁಈͷଞͷ߲͸ߴ࣍ͷ߲Ͱ
͋Δɻ೾਺ͷ 2࣍·ͰΛߟ͑ΔͱɺJ = 3/2ʹର͢Δ Luttinger໛ܕͱͳΔɻݻ༗ঢ়ଶ͸
࣍Ͱද͞ΕΔɻ
|ψ1(k)⟩ = Ck(1 + g5,k, 0, g4,k + ig3,k,−(g2,k − ig1,k))T (F.5)
|ψ2(k)⟩ = Ck(0, 1 + g5,k, g2,k + ig1,k, g4,k − ig3,k)T (F.6)
|ψ3(k)⟩ = Ck(−(g4,k − ig3,k),−(g2,k − ig1,k), 1 + g5,k, 0)T (F.7)
|ψ4(k)⟩ = Ck(g2,k + ig1,k,−(g4,k + ig3,k), 0, 1 + g5,k)T (F.8)
Ck ͸શରশදݱʹଐ͢Δن֨ԽҼࢠͰ͋Δɻ|ψ1⟩ͱ |ψ2⟩ɺ|ψ3⟩ͱ |ψ4⟩͸ΫϥϚʔεର
Ͱ͋Δɻ
෇࿥ F.2 டং
൓ڧ࢛ۃࢠடংԼͰͷ෼ࢄΛٻΊΔɻ൓ڧ࢛ۃࢠடং͸Ұൠͷ೾਺Ͱ͸ΫϥϚʔεॖୀ
ΛഁΔ͕ɺΓ఺Ͱͷ 4ॏॖୀ͸ղ͔Εͳ͍ɻ
൓ڧ࢛ۃࢠடংԼͰɺΓ఺ͰͷϋϛϧτχΞϯ͸
H(0) = E0 +∆0 +∆AFz τzγz (F.9)
ͱͳΔɻ͜͜Ͱɺடংม਺͸ τz ͱͨ͠ɻτx ͱ τz ͸ϢχλϦߦྻ (τx + τz)/
√
2ͰೖΕ
ସΘΔͨΊ*3ɺடংม਺͕ τx Ͱ͋Δ৔߹΋ಉ༷ʹٞ࿦Ͱ͖Δɻ͜ΕΛର֯Խ͢ΔϢχλ
*3 ಉ࣌ʹ τy → −τy ͱͳΔɻ
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Ϧߦྻ͸ҎԼͰ༩͑ΒΕΔɻ
U =
(
cos
θ
2
τ0γ0 − i sin θ
2
τzγy
)
σ0 (F.10)
cos θ =
∆Re0√
(∆Re0 )
2 + (∆AFz )
2
, sin θ =
∆AFz√
(∆Re0 )
2 + (∆AFz )
2
. (F.11)
͜ΕʹΑΓɺύ΢Ϧߦྻ͸ҎԼͷΑ͏ʹม׵͞ΕΔɻ
U †τxU = cos θτx − sin θτyγy (F.12)
U†τyU = cos θτy + sin θτxγy (F.13)
U†τzU = τz (F.14)
U†γxU = cos θγx + sin θτzγz (F.15)
U†γyU = γy (F.16)
U †γzU = cos θγz − sin θτzγx (F.17)
͜ͷม׵͸ۭؒ൓సʹ͍ͭͯͷۮحͷߦྻΛࠞͥΔ͕ɺ࣌ؒ൓స͸อͭɻ͜Ε͸டংม਺
͕ۭؒ൓సରশੑΛഁΓɺ࣌ؒ൓సରশੑΛอͭ͜ͱͱ੔߹͢Δɻ͜ͷجఈͰɺϋϛϧτ
χΞϯ͸࣍ͷΑ͏ʹද͞ΕΔɻ
H(k) =
(
Ekτ0σ0 + cos θη′k · στy + (dzkτz + cos θdxkτx)σ0
)
γ0
+
(
cos θ∆Rek τ
0σ0 + ηRek · στy + (d′Rexk τx + cos θd′Rezk τz)σ0
)
γz
−
(
∆Imk τ
0σ0 + cos θηImk · στy + (d′Imzk τz + cos θd′Imxk τx)σ0
)
γy
+sin θ
(
(η′k · στx − dxkτyσ0)γy + (−∆Rek τzσ0 − d′Rezk τ0σ0)γx
−(ηImk · στx − d′Imxk τyσ0)γ0
)
+∆AFz (cos θτ
zγx + sin θτ0γz)σ0 (F.18)
͜͜Ͱ τ˜ (−τx, τz)ͱͨ͠ɻστx ͱ τy ͸࣌ؒ൓సʹରͯ͠حɺۭؒ൓సʹରͯ͠ۮͰ͋
Γɺͦͷ܎਺͸ kʹ͍ͭͯحͰ͋Δɻ͜ͷ߲ʹΑΓɺΓ఺෇ۙͰͷόϯυߏ଄ʹۭؒ൓స
ରশੑͷഁΕ͕൓ө͞ΕΔɻϋϛϧτχΞϯΛ Γ఺ͷपลͰల։͢Δɻγ ʹ͍ͭͯର֯ͳ
߲͕ 1࣍ઁಈɺඇର߲֯ಉ࢜ͷੵͰର֯ͱͳΔ߲͕ 2࣍ઁಈʹد༩͢Δɻ0࣍ͷ߲͸ҎԼ
Ͱද͞ΕΔɻ
H(0)(0) =E0τ0σ0γ0 + (cos θ∆Re0 + sin θ∆AFz )τ0σ0γz. (F.19)
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1࣍ઁಈ͸࣍ͷΑ͏ʹͳΔɻ
H(1)(k) =
(
Ekτ0σ0 + cos θη′k · στy + (dzkτz + cos θdxkτx)σ0
)
γ0
+
(
cos θ∆Rek τ
0σ0 + ηRek · στy + (d′Rexk τx + cos θd′Rezk τz)σ0
)
γz
− sin θ(ηImk · στx − d′Imxk τyσ0)γ0 (F.20)
ඇର߲֯ͷ͏ͪɺ೾਺ͷ 0, 1, 2࣍ͷ߲͸ҎԼͰ͋Δɻ
Hoﬀ(k) =
(
− cos θηImk · στy + sin θ(η′k · στx − dxkτyσ0)
)
γy
− sin θ(∆˜Rek τz + d′Rezk τ0)σ0γx, (F.21)
͜͜Ͱɺ∆˜k = ∆k −∆0 ͱͨ͠ɻ∆Imk ͸ kͷ 3࣍ɺd′Imk ͸ 5࣍Ͱ͋ΔͨΊແࢹ͢Δɻ2
࣍ઁಈͷ͏ͪɺ೾਺ʹؔͯ͠ 3࣍·Ͱͷ߲͸
H(2)(k) =
1√
(∆Re0 )
2 + (∆AFz )
2
(
cos2 θ|ηImk |2σ0τ0γ0
+sin 2θ
(
dxkη
Im
k · στ0γ0 + ∆˜kηImk · στxγz + (ηImk × η′k) · στzγ0
))
γz,
(F.22)
Ͱ͋Δɻ͜͜ͰɺηImk × η′k ∝ {kx(k2y − k2z), ky(k2z − k2x), kz(k2x − k2y)}Ͱ͋Γɺ͜ͷ߲͸
υϨοηϧϋ΢εܕεϐϯيಓ૬ޓ࡞༻Ͱ͋ΔɻΓ఺पΓͰͷ༗ޮϋϛϧτχΞϯ͸ҎԼ
ͷΑ͏ʹද͞ΕΔɻ
Heﬀ(k) = d0kΓ
0 + dµkΓ
µ + dµνkΓ
µν (F.23)
Γµν =
1
2i
[Γµ,Γν ] (F.24)
g0k = Ek ± δE ± cos2 θ|ηImk |2/δE (F.25)
gjk = cos θη
′
jk ± ηRejk (F.26)
g4k = cos θdxk ± d′Rexk (F.27)
g5k = dzk ± cos θd′Rezk (F.28)
gj5k = − sin θηImjk + sin 2θ∆˜kηImjk /δE (F.29)
gj4k = ∓ sin 2θ(ηImk × η′k)j/δE (F.30)
gijk = ± sin 2θdxkηImlk /δE. (F.31)
͜͜Ͱɺ(i, j, k) = (1, 2, 3).(2, 3, 1), (3, 1, 2)ɺδE =
√
(∆Re0 )
2 + (∆AFz )
2 Ͱ͋ΔɻΓµ ͸
σΟϥοΫͷ ΓߦྻͰ͋Γɺடং͕ͳ͍৔߹ͱಉ༷ʹఆٛ͞ΕΔɻ5ͭͷ Γµ ͸࣌ؒ൓స
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ʹؔͯ͠ۮͰ͋Γɺ10ݸͷަ׵ࢠ Γµν = i[Γµ,Γν ]͸حͰ͋Δɻަ׵ࢠͱύ΢Ϧߦྻͷର
Ԡ͸ɺτy = −Γ45,σµ = Γνρ,σµ⊗ τx = Γµ5,σµ⊗ τz = −Γµ4 Ͱ͋ΔɻΓµ5 ͷ߲͸ kʹؔ
ͯ͠ 1࣍Ͱ͋ΓɺΓ఺෇ۙͰͷओཁ߲Ͱ͋Δɻ͜ͷ߲͸டং͕ͳ͍৔߹ʹ͸ଘࡏ͠ͳ͍ɻk
ͷ 1࣍·ͰͰ͸ΤωϧΪʔ͸ 2ॏॖୀͰ͋Γɺ෼ࢄ͸E(k) = E0+(−1)tδE+(−1)s|ηImk |
ɺ(t, s) = ±1ɺηImk ∝ k ͱɺઢܗͳσΟϥοΫ෼ࢄͱͳΔɻkͷ 1࣍·ͰͰϋϛϧτχΞ
ϯΛର֯Խ͢ΔϢχλϦߦྻ͸
U =
1
2
√
2
(
cos
θ
2
τ0γ0 − i sin θ
2
τzγy
)
(τx + τz)
(
σ0 − η
Im
k
|ηImk |
· σ
)
=
1
2
√
2
(
cos
θ
2
(τx + τz)− i sin θ
2
(τ0 + iτy)γy
)(
σ0 − η
Im
k
|ηImk |
· σ
)
(F.32)
ͱͳΔɻ
෇࿥ F.3 OAF22 +O
F
20 டংԼͰͷϫΠϧ఺
τx ͷ൓ڧ࢛ۃࢠடং͕ओཁͳடংม਺Ͱ τz ͷڧతடং͕دੜ͍ͯ͠Δ৔߹ͷॖୀɺ෼
ࢄΛߟ͑ΔɻඇઁಈϋϛϧτχΞϯΛ Γ఺Ͱ τxγz ͷடংΛ൐͏΋ͷͱ͠ɺk ʹ͍ͭͯ 1
࣍ͷ߲ͱ ∆Fz τ
z Λઁಈͱͯ͠ѻ͏ɻඇઁಈ߲ H(0) Λର֯Խ͢ΔϢχλϦߦྻ͸ɺ
U =
1√
2
(τx + τz)
(
cos
θ
2
τ0γ0 − i sin θ
2
τzγy
)
σ0 (F.33)
cos θ =
∆Re0√
(∆Re0 )
2 + (∆AFz )
2
, sin θ =
∆AFz√
(∆Re0 )
2 + (∆AFz )
2
. (F.34)
Ͱ͋Δɻ͜ΕʹΑΓɺύ΢Ϧߦྻ͸ҎԼͷΑ͏ʹม׵͞ΕΔɻ
U†τxU = τz (F.35)
U†τyU = − cos θτy + sin θτxγy (F.36)
U †τzU = cos θτx + sin θτyγy (F.37)
U †γxU = cos θγx + sin θτxγz (F.38)
U †γyU = γy (F.39)
U†γzU = cos θγz − sin θτxγx (F.40)
Γ఺ͰͷϋϛϧτχΞϯ͸
H(0) =E0τ0σ0γ0 + δEτ0σ0γz (F.41)
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Ͱ͋Δɻઁಈ͸ҎԼͷΑ͏ʹද͞ΕΔɻ
H ′(k) =U †∆FτzU + U †ηImk · στyγyU (F.42)
=∆F(cos θτx + sin θτyγy)− cos θηImk · στyγy − sin θηImk · στxγ0 (F.43)
1࣍ઁಈ͸
H(1)(k) =∆F cos θτx − sin θηImk · στxγ0. (F.44)
2࣍ઁಈͷ͏ͪɺkͷ 1࣍·Ͱͷ߲͸
H(2)(k) =
(
sin2 θ(∆F)2 − sin 2θ∆FηImk · σ
)
/δE (F.45)
Ͱ͋Δɻ༗ޮϋϛϧτχΞϯ͸ҎԼͰද͞ΕΔɻ
Heﬀ(k) =(E0 + sin2 θ(∆F)2/δE)τ0σ0γ0 + δEτ0σ0γz
+
(
∆F cos θσ0τx − sin θηImk · στx − sin 2θ∆FηImk · σ/δE
)
γ0. (F.46)
Heﬀ Λର֯Խ͢ΔϢχλϦߦྻ͸ U˜ = (τx + τz)/
√
2Ͱ͋Δɻ΋ͱͷύ΢Ϧߦྻ͸ҎԼ
ͷΑ͏ʹม׵͢Δɻ
U˜†U †τxUU˜ = τx (F.47)
U˜†U †τyUU˜ = cos θτy + sin θτzγy (F.48)
U˜ †U†τzUU˜ = cos θτz − sin θτyγy (F.49)
U˜ †U†γxUU˜ = cos θγx + sin θτzγz (F.50)
U˜ †U†γyUU˜ = γy (F.51)
U˜†U †γzUU˜ = cos θγz − sin θτzγx. (F.52)
͜͜Ͱɺ৽ͨͳύ΢Ϧߦྻ͸டংԼͰͷ఺܈ D2d ͷط໿දݱʹଐ͠ɺ֤ʑɺτx ∈ B+1 ,
τy ∈ A−2 , τz ∈ A+1 Ͱ͋Δɻ༗ޮϋϛϧτχΞϯ͸
Heﬀ(k) =(E0 + sin2 θ(∆F)2/δE)τ0σ0γ0 + δEτ0σ0γz +∆F cos θσ0τz
−
(
sin θηImk · στz + sin 2θ∆FηImk · σ/δE
)
γ0. (F.53)
ͱͳΔɻΓ ఺෇ۙͰ෼ࢄ͸ઢܗͰ͋Γɺ͕ͨͬͯ͠ɺΓ ఺͸ϫΠϧ఺ͱͳ͍ͬͯΔɻ൓
ڧ࢛ۃࢠடংͷΈͷ৔߹ʹ͸σΟϥοΫ఺Ͱ͋ͬͨ΋ͷ͕ τz ʹΑͬͯ 2 ॏॖୀ͕ղ͚
∼ ∆F ͚ͩ཭Ε͍ͯΔɻk ͷ 1࣍ͷΈΛߟ͑Δͱɺ2ͭͷઢܗ෼ࢄ͸ޓ͍ʹަࠩ͢Δɻ࣮
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ࡍʹ Γ ఺෇ۙͷ༗ݶ೾਺ͰϫΠϧ఺͕ੜ͡Δ͔Ͳ͏͔͸ߴ࣍ͷ߲͕ΪϟοϓΛ։͚Δ͔
Ͳ͏͔Ͱܾ·ΔͨΊɺ͜ΕΛௐ΂Δɻkͷߴ࣍ͷ߲΋ߟ͑ͨϋϛϧτχΞϯ͸
Heﬀ(k) =η˜k · στz + ˜dzkτz + dxkτx + η′ · στy, (F.54)
Ͱ͋Δɻ͜͜Ͱ η˜k = sin θηImk , η˜
′
k = cos θη
′
k,
˜dzk = cos θ(dzk + ∆F) Ͱ͋ΔɻΤωϧ
Ϊʔ͸
H(k)2 = E21 + 2d˜zkη˜k · σ + 2(η˜k × η˜′k) · στx (F.55)
(H(k)2 − E21)2 = 4|d˜zkη˜k|2 + 4|η˜k × η˜′k|2 (F.56)
E(k) = ±
√
E21 ± E22 (F.57)
E21 = |η˜k|2 + |η˜′k|2 + d2xk + d˜2zk (F.58)
E22 = 2
√
|d˜zkη˜k|2 + |η˜k × η˜′k|2 (F.59)
ͱͳΔɻόϯυ͕ަࠩ͢ΔͨΊͷඞཁे෼৚݅͸ E21 = E
2
2 Ͱ͋Γɺ͜Ε͸ҎԼͱ౳ՁͰ
͋Δɻ (
|η˜k|−
√
d˜2zk + |η˜′k|2 sin2 φ
)2
+ d2xk + |η˜′k|2 cos2 φ = 0, (F.60)
͜͜Ͱɺφ͸ |η˜k × η˜′k| = |η˜k||η˜′k| sinφ ʹΑͬͯఆٛ͞ΕΔɻ͜ΕΛຬͨͨ͢Ίɺdxk ͱ
|η˜′k| cosφ͕ 0ͱͳΒͳͯ͘͸ͳΒͳ͍ɻdxk ͸ [001]ɺ[11x]ํ޲Ͱ 0ͱͳΔɻ|η˜′k| cosφ
͸ [100], [010], [001] (η˜′k = 0)·ͨ͸ɺ[110], [011], [101] (cosφ = 0)Ͱ 0ͱͳΔɻͨ͠
͕ͬͯɺόϯυͷަࠩ͸ɺ[001]ɺ[110]ํ޲Ͱى͜ΓಘΔɻ
όϯυ͕ަࠩ͢Δ৚݅͸࣍ͷΑ͏ʹ΋ٻ·Δɻަࠩʹؔ͢Δόϯυ͸ͱ΋ʹ Γ ఺प
ΓͰͷઢܗ߲ η˜k · σ ͷݻ༗஋ͷ͏ͪෛͷ΋ͷͰ͋Δɻk ͷ 1 ࣍·ͰͷΈΛߟ͑ͨ৔߹ɺ
|η˜k| = ∆F Λຬͨ͢఺Ͱަࠩ͢Δɻ͜ͷ఺Λ k0 ͱ͢ΔɻϋϛϧτχΞϯ
H(k) = −η˜k0 · η˜δkτz + dzkτz + dxkτx + η˜′k · στy. (F.61)
ͷ࠷ޙͷ߲Λ η˜k0 · σ ͷෛݻ༗஋ʹࣹӨ͢Ε͹ k0 ఺෇ۙͰͷ༗ޮϋϛϧτχΞϯͱͳΔɻ
ࣹӨԋࢉࢠ͸ҎԼͷΑ͏ʹද͞ΕΔɻ
P− =
1
2
(
σ0 − η˜k0 · σ|η˜k0 |
)
. (F.62)
͜ΕʹΑΓɺτy ͷ߲͸
P−η˜′k · σP− = −
η˜k0 · η˜′k
2|η˜k0 |
(
σ0 − η˜k0|η˜k0 |
· σ
)
= − η˜k0 · η˜
′
k
|η˜k0 |
P− (F.63)
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ͱͳΔɻ͜ͷ߲͸ η˜k0 · η˜′k = 0ͷͱ͖ʹফ͑ΔɻΑͬͯɺόϯυަࠩ͸ [001]ɺ[110]ํ޲
Ͱى͜ΓಘΔɻ
෇࿥ F.4 ߴରশ఺ͰͷΤωϧΪʔݻ༗஋
೾਺ۭؒͷߴରশ఺Ͱ͸ɺϋϛϧτχΞϯͷ΂͖৐Λܭࢉ͢Δ͜ͱͰɺ؆୯ʹΤω
ϧΪʔ͕ٻ·Δ৔߹͕͋Δɻ͍͔ͭ͘ͷྫΛҎԼʹࣔ͢ɻҎԼͰ͸ɺදهͷ؆୯ͷͨΊ
E0 = 0ΛΤωϧΪʔͷݪ఺ͱ͢Δɻ
Γ఺पล
௨ৗঢ়ଶͷΤωϧΪʔ͸ҎԼͷΑ͏ʹɺϋϛϧτχΞϯΛೋ৐͢Δ͜ͱͰٻΊΒΕΔɻ
H(k) = ∆Re0 γ
x + ηImk · στyγy (F.64)
H(k)2 = |∆Re0 |2 + |ηImk |2 (F.65)
Γ఺Ͱ͸ 4ॏॖୀɺ෇ۙͰͷ෼ࢄ͸ 2࣍Ͱ͋Δɻ
൓ڧ࢛ۃࢠடং (τz)ԼͰ͸ҎԼͷΑ͏ʹΤωϧΪʔ͕ٻ·Δɻ
H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτzγz (F.66)
H(k)2 = |∆Re0 |2 + |∆AF|2 + |ηImk |2 − 2∆AFηImk · στzγz (F.67)
(H(k)− E(1))2 = 4|∆AFηImk |2 (F.68)
E(1) = |∆Re0 |2 + |∆AF|2 + |ηImk |2 (F.69)
Γ఺Ͱ͸ 4ॏॖୀɺ෇ۙͰͷ෼ࢄ͸ 1࣍Ͱ͋Δɻ
ڧ࢛ۃࢠடং (τz)ԼͰͷΤωϧΪʔ͸ҎԼͷΑ͏ʹٻ·Δɻ
H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτzγ0 (F.70)
H(k)2 = |∆Re0 |2 + |∆F|2 + |ηImk |2 + 2∆F∆Re0 τzγx (F.71)
(H(k)− E(1))2 = 4|2∆F∆Re0 |2 (F.72)
Γ఺Ͱ͸ 2ॏॖୀɺ෇ۙͰͷ෼ࢄ͸ 2࣍Ͱ͋Δɻ
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OAF22 +O
F
20 டংͰͷ෼ࢄ͸࣍ͷΑ͏ʹٻ·Δɻ
H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτxγz +∆Fτzγ0 (F.73)
H(k)2 = E(1) + 2∆F∆Re0 τ
zγx + 2∆AFηImk · στzγx (F.74)
(H(k)2 − E(1))2 = E(2) + 8∆Re0 ∆F∆AFηImk · σ (F.75)
((H(k)2 − E(1))2 − E(2))2 = 64|∆Re0 ∆F∆AFηImk |2 (F.76)
E(1) = |∆Re0 |2 + |∆AF|2 + |∆F|2 + |ηImk |2 (F.77)
E(2) = 4|∆F∆Re0 |2 + 4|∆AFηImk |2 (F.78)
Γ఺Ͱ͸ 2ॏॖୀ (ηImk = 0Ͱ͋ΔͨΊ)ɺ෇ۙͰͷ෼ࢄ͸ 1࣍Ͱ͋Δɻ
OAF20 +O
F
20 டংͰͷ෼ࢄ͸࣍ͷΑ͏ʹٻ·Δɻ
H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτzγz +∆Fτzγ0 (F.79)
H(k)2 = E(1) + 2∆F∆Re0 τ
zγx − 2∆AFηImk · στxγx + 2∆AF∆Fγz (F.80)
(H(k)2 − E(1))2 = E(2) (F.81)
E(1) = |∆Re0 |2 + |∆AF|2 + |∆F|2 + |ηImk |2 (F.82)
E(2) = 4|∆F∆Re0 |2 + 4|∆AFηImk |2 + 4|∆AF∆F|2 (F.83)
Γ఺Ͱ͸ 2ॏॖୀɺ෇ۙͰͷ෼ࢄ͸ 2࣍Ͱ͋Δɻ
W ఺ (2π, 0,π)
W ఺Ͱ OAF22 +O
F
20 டংͷ৔߹ʹ͸࣍ͷΑ͏ʹΤωϧΪʔ͕ٻ·Δɻ͜͜Ͱ͸ɺॖୀͱ
෼ࢄͷ࣍਺ͷΈΛߟ͑ΔͨΊɺσ0τ0γ0 ͷ܎਺Λ 0ͱ͢ΔΑ͏ʹΤωϧΪʔͷݪ఺ΛͱΔɻ
H(k) = a(σxγy + σyγx)τy +∆AFσ0τxγz + d˜zσ
0τzγ0 (F.84)
d˜z = dzW +∆
F (F.85)
H(k)2 = E21 + 2a
2σzγz + 2a∆AFτz(σxγx − σyγy) (F.86)(
(H(k)2 − E21
)2
= E42 + 8a
2(∆AF)2σzγz + 8a3(∆AF)(σxγx − σyγy) (F.87)
E21 = 2a
2 + (∆AF)2 + d˜2z (F.88)
E42 = 4a
4 + 8a2(∆AF)2 (F.89)
W ఺ͷ͏ͪ dx ͕ফ͑Δͷ͸ (2π, 0,±π) = (0, 2π,∓π) ͷΈͰ͋Δɻଞͷ W ఺Ͱ͸ dx
͸༗ݶͱͳΓɺॖୀ͸ͳ͍ɻ
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෇࿥ G ݁Ռͷৄࡉ
ຊ෇࿥Ͱ͸ɺ਺஋ܭࢉͰಘΒΕͨ݁Ռͷ͏ͪɺຊจதʹهࡌ͠ͳ͔ͬͨ΋ͷΛ঺հ͢Δɻ
෇࿥ G.1 ϫΠϧ఺
ຊઅͰ͸ 4.1અͰड़΂ͨடংԼͰͷϫΠϧ఺ʹ͍ͭͯৄࡉʹड़΂Δɻ
4.1 અ΍෇࿥ F Ͱड़΂ͨΑ͏ʹɺ൓ڧடংԼͰ͸ Γ ఺ʹσΟϥοΫ఺͕ੜ͡Δɻ൓ڧ
O22 Ϟʔϝϯτ (OAF22 )ͱدੜ͢Δڧత O20 Ϟʔϝϯτ (O
F
20)͕டং͢Δ৔߹ʹ͸ Γ఺ʹ
ઢܗ෼ࢄΛ΋ͭ (ୈҰछ)ϫΠϧ఺ɺΓ఺෇ۙʹೋ࣍෼ࢄΛ΋ͭ (ୈೋछ)ϫΠϧ఺͕ੜ͡
Δɻடংม਺͕ OAF22 ͷΈͷ৔߹ʹ͸ɺΓ఺ͰσΟϥοΫ෼ࢄͱͳΔ (ৄࡉ͸෇࿥ F)ɻد
ੜ͢Δ OF20 ʹΑͬͯɺ͜ͷσΟϥοΫ෼ࢄ͸ׂΕɺ2ͭͷϫΠϧ఺ͱͳΔɻߴΤωϧΪʔ
ͷϫΠϧ෼ࢄͱ௿ΤωϧΪʔͷϫΠϧ෼ࢄ͸༗ݶ೾਺Ͱަࠩ͠৽ͨͳϫΠϧ఺ͱͳΔɻަ
ࠩ͢Δ৚݅ͳͲͷৄࡉ͸෇࿥ F ʹड़΂ΔɻϗοϐϯάύϥϝʔλʔʹΑͬͯ͸ɺΓ ఺෇
ۙͰϫΠϧ఺͕ੜ͡ͳ͍৔߹͕͋Γɺਤ G.2͸ Z-Γઢ্Ͱ͸ަࠩ͢Δ͕ɺΓ-Kઢ্Ͱ͸
ೋ࣍తʹ઀͢ΔύϥϝʔλͰͷɺਤ G.3͸ Γ-Kઢ্Ͱॖୀ͠ͳ͍ύϥϝʔλͰͷ෼ࢄΛ
ࣔ͢ɻ
-2
-1.5
-1
-0.5
 0
 0.5
 1
 1.5
 2
Z Γ K
E
ਤ G.2: Γ-K ઢͰ઀͢Δྟքతͳύϥ
ϝʔλʔͰͷ෼ࢄɻ੨ઢ͸ Γ఺ͰͷϫΠ
ϧ఺ͷΤωϧΪʔ
-2
-1.5
-1
-0.5
 0
 0.5
 1
 1.5
 2
Z Γ K
E
ਤ G.3: Γ-K ઢͰόϯυ͸ަࠩ͠ͳ͍ύ
ϥϝʔλʔͰͷ෼ࢄɻ੨ઢ͸ Γ఺Ͱͷϫ
Πϧ఺ͷΤωϧΪʔ
ҎԼͰ͸ɺϫΠϧ఺पลͷ෼ࢄΛࣔ͢ɻਤ಺ͷ [001]ͳͲ͸ϫΠϧ఺͔Βͦͷํ޲ʹ೾
਺Λม͑ͨͱ͖ͷ෼ࢄΛϓϩοτ͍ͯ͠Δ͜ͱΛද͢ɻΓ఺Ͱ͸டং͕ͳ͍৔߹ʹ͸ɺೋ
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࣍తʹ઀͍ͯͨ͠ɻLɺX ఺Ͱͷॖୀ͸டংʹ༝དྷ͢Δ΋ͷͰ͸ͳ͘ɺடং͕ͳ͍৔߹
ʹ͸σΟϥοΫ෼ࢄͰ͋ΔɻΓ ఺෇ۙͰ༗ݶ೾਺ͷϫΠϧ఺͸ OF20 ʹΑΓੜ͡Δ΋ͷͰ
͋Δɻ
-1.03
-1.025
-1.02
-1.015
-1.01
-1.005
-1
-0.995
-0.99
-0.985
-0.98
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11
-
0][100]
ਤ G.4: Γ఺෇ۙ [001]ํ޲ͷϫΠϧ఺प
Γͷ෼ࢄɻ[001]ํ޲ʹ͸ઢܗͰ͋Γɺଞ
ͷํ޲ʹ͸ೋ࣍Ͱ͋Δɻ͜ͷϫΠϧ఺͸
OF20 ʹΑΓੜ͡Δɻ
-1.03
-1.025
-1.02
-1.015
-1.01
-1.005
-1
-0.995
-0.99
-0.985
-0.98
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11-0]
[100]
ਤ G.5: Γ఺෇ۙ [110]ํ޲ͷϫΠϧ఺प
Γͷ෼ࢄɻ[110]ɺ[100]ํ޲ʹ͸ઢܗͰ͋
Γɺ[11¯0]ํ޲ʹ͸ೋ࣍Ͱ͋Δɻ͜ͷϫΠ
ϧ఺͸ OF20 ʹΑΓੜ͡Δɻ
-1.055
-1.05
-1.045
-1.04
-1.035
-1.03
-1.025
-1.02
-1.015
-1.01
-1.005
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11-0]
[100]
ਤ G.6: Γ ఺ͰͷϫΠϧ఺पΓͷ෼ࢄɻ
౳ํతͳઢܗ෼ࢄͰ͋Δɻடং͕ͳ͍৔
߹ʹ͸ೋ࣍తʹ઀͓ͯ͠ΓɺOAF22 ͷΈͰ
͸σΟϥοΫ෼ࢄͱͳΔɻ
-1.895
-1.89
-1.885
-1.88
-1.875
-1.87
-1.865
-1.86
-1.855
-1.85
-1.845
-1.84
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11-0]
[100]
ਤ G.7: L ఺ͰͷϫΠϧ఺पΓͷ෼ࢄɻ
΍΍ҟํੑͷ͋Δઢܗ෼ࢄͰ͋Δɻடং
͕ͳ͍৔߹ʹ΋͋ΔॖୀͰ͋Γɺҟํੑ
͸டংʹ༝དྷ͢Δɻ
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-2.08
-2.075
-2.07
-2.065
-2.06
-2.055
-2.05
-2.045
-2.04
-2.035
-2.03
-2.025
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11-0]
[100]
ਤ G.8: X ఺ͰͷϫΠϧ఺पΓͷ෼ࢄɻ
[100]ํ޲ʹ͸෼ࢄ͸ͳ͘ɺଞͷํ޲ʹ͸
ઢܗͰ͋Δɻ͜ͷϫΠϧ఺͸டংʹ༝དྷ
͢Δ΋ͷͰ͸ͳ͍ɻ
-2.08
-2.075
-2.07
-2.065
-2.06
-2.055
-2.05
-2.045
-2.04
-2.035
-2.03
-2.025
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11-0]
[100]
ਤ G.9: Z ఺ͰͷϫΠϧ఺पΓͷ෼ࢄɻ
[001]ํ޲ʹ͸ऑ͍ೋ࣍෼ࢄͰ͋Γɺଞͷ
ํ޲ʹ͸ઢܗͰ͋Δɻ͜ͷϫΠϧ఺͸ட
ংʹ༝དྷ͢Δ΋ͷͰ͸ͳ͍ɻ
-1.07
-1.06
-1.05
-1.04
-1.03
-1.02
-1.01
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11
-
0][100]
ਤ G.10: [110] ํ޲ͷ Γ ఺पΓͰ͸ͳ͍
ϫΠϧ఺पΓͷ෼ࢄɻҟํੑͷ͋Δઢܗ
෼ࢄͰ͋Δɻ͜ͷϫΠϧ఺͸டংʹ༝དྷ
͢Δ΋ͷͰ͸ͳ͍ɻ
-0.2
-0.19
-0.18
-0.17
-0.16
-0.15
-0.14
-0.1 -0.05  0  0.05  0.1
E
[001]
[110]
[11-0]
[100]
ਤ G.11: X ఺͔Β [010] ํ޲ʹ͋ΔϫΠ
ϧ఺पΓͷ෼ࢄɻ[001]ํ޲ʹೋ࣍తͰଞ
ͷํ޲ʹ͸ઢܗͰ͋Δɻ͜ͷϫΠϧ఺͸
OAF22 ʹΑͬͯੜ͡Δɻ
94
 0
 0.01
 0.02
 0.03
 0.04
 0.05
 0.06
 0.07
 0.08
 0.09
-0.1 -0.05  0  0.05  0.1
σ
µ
σxx
σyy
σzz
0
ਤ G.12: ୈೋछϫΠϧ൒ۚଐͷిؾ఻ಋ
౓ɻ೚ҙ୯Ґɻ
ਤ G.12ʹ͸ୈೋछϫΠϧ൒ۚଐ
H(k) = d(k) · σ, (G.1)
dx(k) = k
2
x − k2y, dy(k) = kxky, dz(k) = kz (G.2)
Ͱͷిؾ఻ಋ౓͕ࣔ͞Ε͍ͯΔɻຊจதʹࣔͨ͠ϫΠϧ൒ۚଐʹ͍ۙ৔߹ͷిؾ఻ಋ౓ͱ
ಉ༷ͳҟํੑΛ΋ͭɻ
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ँࣙ
ຊ࿦จΛॻ͘ʹ͋ͨΓɺوॏͳ࣌ؒΛׂ͖ࢦಋͯͩͬͨ͘͠͞ࢦಋڭһͷ෰෦Ұڡ।
ڭतʹਂ͘ײँ͍ͨ͠·͢ɻ·ͨɺतۀ΍θϛͳͲͰوॏͳΞυόΠεΛ௖͍ͨງాو
࢚ڭतɺ࣮शͷࡍʹ͓ੈ࿩ʹͳΓ·ͨ͠ٱอউن٬һ।ڭतʹ΋৺͔Βײँ͍ͨ͠·͢ɻ
࠷ޙʹɺ೔ʑͷੜ׆ͷதͰ΋͓ੈ࿩ʹͳΓ·ͨ͠ɺઌഐɺಉظɺޙഐͷօ༷ʹײँ͍ͨ͠
·͢ɻ
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